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論文要旨 
 
 
 乾燥破壊現象は，乾燥に伴う材料の不均一な体積収縮によって応力が発生し，亀裂が形
成される現象である．乾燥亀裂は網目状構造をもち，材料表面を特徴的な長さスケールを
もった多角形セルに分割する．乾燥亀裂のサイズ・形状・網目状構造は材料や条件によっ
て大きく異なるが，「階層的に形成される網目状の亀裂パターン構造が，特徴的な長さスケ
ールをもった多角形セルを自発的に形成する」という基本的性質は保たれている． 
従来研究では乾燥破壊現象における亀裂パターン形成の問題に対し，実験・理論・数値
解析による様々なアプローチが行われてきたが，物理的根拠のない現象論的モデルや複雑
な材料構成則の導入，恣意的なパラメータチューニングといった研究手法は，意図する結
果を作り出しているに過ぎず，この問題の本質的な解決策にはなり得ていない．  
本研究では，乾燥破壊現象を材料内の水分拡散，材料の変形，材料の破壊という 3 つの
ファンダメンタルな物理現象の連成によって成り立つマルチフィジックスの問題であると
考え，「乾燥亀裂パターンの特徴的な長さスケールは，複数の物理現象の連成によって決定
される」という仮説を提案する． 
この仮説を元に，乾燥破壊現象を拡散・変形・破壊の連成によってモデル化し，拡散に
関する初期値境界値問題と変形に関する境界値問題の連成による解析的な定式化を行う．
また，粒子離散化手法に基づく粒子離散化有限要素法（PDS-FEM）を導入し，離散的な定
式化を行うとともに，拡散の有限要素解析と変形/破壊の PDS-FEM解析を弱連成させた数
値解析を行うことで，特徴的な長さスケールをもつ亀裂パターンが，恣意的な長さスケー
ルの導入なしに均質な初期状態から創発される過程を再現する． 
また，炭酸カルシウムを用いた乾燥破壊実験を行い，実験と数値解析で得られた亀裂の
網目状構造，多角形セルのサイズ，亀裂パターンの形成過程に関して比較することで，提
案した仮説とそれに基づく連成モデルの妥当性の検証を行う． 
さらに，特徴的な長さスケールをもつ多角形セルが自発的に形成される物理的要因に関
して考察を行うため，拡散と変形の連成にのみ着目した数値解析を行い，応力の発現に対
し試験体の層厚と横断面サイズが与える影響を捉える．加えて，数値解析から得られるセ
ルの形成過程における水分分布を検証し，亀裂面からの蒸発によって各セルに発生するフ
ープ応力が亀裂経路の決定において重要な役割を果たしていることを示す．  
本論文の数値解析結果および考察により，「スケール不変性をもつ支配方程式の相互作用
によって均質な場から特徴的な長さスケールを決定できる」という，乾燥破壊現象におけ
る亀裂パターン形成の背後に共通の支配法則が示される． 
Thesis Abstract 
 
Mathematical Model and Numerical Analysis Method for 
Pattern Formation in Desiccation Cracking 
 
The inhomogeneous volume shrinkage of materials due to desiccation results in the 
formation of the desiccation cracks. The desiccation cracks have a net-like structure and 
tessellate the dry-out surface of the materials into polygonal cells with typical length 
scale. While some varieties can be observed in size, shape, and net-like structure of the 
cracks depending on the choice of materials and conditions, the basic features of the 
desiccation crack pattern (i.e., “the net-like structure of the crack pattern formed in a 
hierarchical manner” and “the self-organization of the polygonal cells with typical 
length scale”) are conserved. 
In the previous researches, the mechanism for the crack pattern formation has 
been investigated through experimental, theoretical and numerical approaches. These 
approaches can be regarded as the efforts to describe the complicated crack pattern by 
introducing the artificial complexity in the material constitutive law. Therefore, the 
achievement of these existing approaches is limited to the reproduction of the crack 
pattern similar to the experimental observation. The phenomenological model without 
physical basis and/or the intentional parameter tuning for the reproduction of the crack 
pattern cannot be the substantial solution for this phenomenon. 
In this research, the desiccation crack phenomenon is divided into three different 
physical processes: the water diffusion in the materials, the deformation of the 
materials, and the fracture. This consideration derives the assumption that the typical 
length scale of the desiccation crack pattern is determined from the coupling among 
multi-physics. 
Based on this assumption, the desiccation cracking is modeled as the coupling of 
diffusion, deformation, and fracture. The analytical formulation of this coupled model is 
proposed by introducing the initial boundary value problem for diffusion and the 
boundary value problem for deformation. Also, the discretized formulation is proposed 
by introducing PDS-FEM (Particle Discretization Scheme Finite Element Method). The 
numerical analysis is performed by weak coupling of FEM analysis for diffusion and 
PDS-FEM analysis for deformation and fracture. According to this numerical analysis, 
the crack pattern and its formation process are reproduced without introducing any 
artificial length scale. 
In addition, the drying test of calcium carbonate slurry is performed. The validity of 
the proposed model and numerical analysis method is verified through the comparison 
of the numerical analysis results and the experimental results in terms of the cell size, 
the net-like structure of the crack, and the crack pattern formation process.  
The supplemental numerical analysis under simplified problem setting with 
emphasis on the coupling between desiccation and deformation provides us with some 
insights on the physical causes for the dependence of the stress intensity on the size of 
the domain. Also, the water distribution in the pattern formation process gained from 
the numerical analysis indicates that the hoop stress on each cell resulting from the 
evaporation from the crack surfaces plays a significant role in the determination of the 
crack path. 
According to the numerical analysis and the supplemental analysis, it can be safely 
concluded that the coupling of the equations without length scale can determine the 
typical length scale with typical geometry emerging out of the completely homogeneous 
field. This is the major part of the physics behind the pattern formation in desiccation 
cracking. 
໨ ࣍
ୈ 1ষ ং࿦ 1
1.1 എܠ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 ໨త . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 ຊ࿦จͷߏ੒ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
ୈ 2ষ ס૩ഁյݱ৅ͷ਺ཧϞσϧ 7
2.1 ໰୊ઃఆ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 ղੳతͳఆࣜԽ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3 ཭ࢄతͳఆࣜԽ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3.1 ཻࢠ཭ࢄԽख๏ͷಋೖ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3.2 PDS-FEMʹΑΔมܗաఔͱഁյաఔͷ཭ࢄతͳఆࣜԽ . . . . . . . . . . . . . . 16
2.3.3 PDS-FEMʹ͓͚Δُ྾ϞσϧΛ༻͍֦ͨࢄաఔͷ཭ࢄతͳఆࣜԽ . . . . . . . . 19
2.3.4 ס૩ഁյݱ৅ͷ཭ࢄϞσϧʹ͓͚Δُ྾໘ͷ਺ཧతղऍ . . . . . . . . . . . . . . 23
ୈ 3ষ ਺஋ղੳख๏ 25
ୈ 4ষ ฏߦُ྾ύλʔϯͷ࠶ݱ 28
4.1 ղੳ৚݅ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.2 ղੳ݁Ռ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
ୈ 5ষ ໢໨ঢ়ُ྾ύλʔϯͷ࠶ݱ 38
5.1 ס૩ഁյ࣮ݧ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
5.1.1 ࣮ݧํ๏ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
5.1.2 ࣮ݧ݁Ռ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.2 ਺஋ղੳ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.2.1 ղੳ৚݅ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.2.2 ղੳ݁Ռ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
ୈ 6ষ ߟ࡯ 64
6.1 ૚ް͕Ԡྗ৔ͱηϧαΠζʹ༩͑ΔӨڹ . . . . . . . . . . . . . . . . . . . . . . . . . . 64
i
6.2 ُ྾໘͔Βͷৠൃ͕Ԡྗ৔ͱηϧαΠζʹ༩͑ΔӨڹ . . . . . . . . . . . . . . . . . . . 72
ୈ 7ষ ݁࿦ 75
෇࿥ 77
A.1 ֦ࢄʹؔ͢Δॳظ஋ڥք஋໰୊ͷ཭ࢄܗࣜͷಋग़ . . . . . . . . . . . . . . . . . . . . . 77
A.2 PDS-FEMʹ͓͚Δഁյύλʔϯ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
A.3 ഁյ໘ʹ͔͔Δ௚Ԡྗͷܭࢉ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
A.3.1 ೚ҙͷ໘ʹ͔͔ΔԠྗ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
A.3.2 ύλʔϯ 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
A.3.3 ύλʔϯ 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
ࢀߟจݙ 85
ँࣙ 93
ii
දɹ໨ɹ࣍
4.1 ฏߦُ྾ύλʔϯͷ਺஋ղੳʹ͓͚Δύϥϝʔλ . . . . . . . . . . . . . . . . . . . . . 30
5.1 ס૩ഁյ࣮ݧʹ͓͚Δ૚ް͝ͱͷηϧ໘ੵͷฏۉ஋ͱมಈ܎਺ . . . . . . . . . . . . . . 48
5.2 ໢໨ঢ়ُ྾ύλʔϯͷ਺஋ղੳʹ͓͚Δύϥϝʔλ . . . . . . . . . . . . . . . . . . . . 51
5.3 ֤༗ݶཁૉϞσϧͷϝογϡαΠζ͓Αͼਖ਼نԽۭͨؒ͠෼ղೳ . . . . . . . . . . . . . 52
5.4 ໢໨ঢ়ُ྾ύλʔϯͷ਺஋ղੳʹ͓͚Δ૚ް͝ͱͷηϧ໘ੵͷฏۉ஋ͱมಈ܎਺ . . . . 61
6.1 ֤ղੳϞσϧͷް͞ͱԣஅ໘αΠζ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
iii
ਤɹ໨ɹ࣍
2.1 ס૩ഁյաఔͷ਺ཧ໰୊ͷઃఆɽ . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2 ס૩ഁյݱ৅ʹର͢Δղੳతͳ࿈੒Ϟσϧͷߏ଄ɽ . . . . . . . . . . . . . . . . . 12
2.3 ৔ͷม਺ͷۭؒతͳ཭ࢄԽʹ༻͍ΒΕΔڞ໾ͳਤܗ෼ׂͷ૊ʢೋ࣍ݩͷ৔߹ʣɽ . . 14
2.4 PDS-FEMʹ͓͚Δُ྾໘ Γˆͷྫɽ . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.5 มܗ෺ମʹ͓͚Δมܗͱഁյͷ໰୊ʹର͢Δ PDS-FEMͷُ྾Ϟσϧɽ . . . . . . 19
2.6 ෦෼తʹഁյͨ͠ಁਫੑ෺ମ಺ͷ֦ࢄͷ໰୊ʹର͢Δُ྾Ϟσϧɽ . . . . . . . . . 20
2.7 ཭ࢄԽ͞Εُͨ྾໘ Γˆʹର͠ e′3 ͕௚ަ͢Δਖ਼ن௚ަ࠲ඪܥɽ . . . . . . . . . . . . 21
2.8 ס૩ഁյݱ৅ʹର͢Δ཭ࢄϞσϧͷߏ଄ɽ . . . . . . . . . . . . . . . . . . . . . . 23
3.1 ղੳख๏ͷ੾Γ෼͚ɽ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 ղੳͷϑϩʔνϟʔτɽ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.1 ฏߦُ྾ύλʔϯͷ਺஋ղੳʹ͓͚ΔղੳϞσϧͱڥք৚݅ɽ . . . . . . . . . . . 30
4.2 ฏߦُ྾ύλʔϯͷ਺஋ղੳʹ͓͚Δฏۉମੵؚਫ཰ͷมԽɽ . . . . . . . . . . . 33
4.3 ฏߦُ྾ύλʔϯͷ਺஋ղੳʹ͓͍ͯ࠷ऴతʹܗ੒͞Εُͨ྾ͷࡾ࣍ݩతͳ༷ࢠɽ 34
4.4 ฏߦُ྾ύλʔϯͷ਺஋ղੳʹ͓͍ͯղੳϞσϧ্໘ʹܗ੒͞Εͨ࠷ऴతͳُ྾ύ
λʔϯɽ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.5 ฏߦُ྾ύλʔϯͷ਺஋ղੳʹ͓͚ΔղੳϞσϧ্໘Ͱͷُ྾ਐలͷ༷ࢠɽ . . . . 35
4.6 ฏߦُ྾ύλʔϯͷ਺஋ղੳʹ্͓͍ͯ໘ʹُ྾͕ൃੜ͢ΔҎલʹ؍࡯͞ΕΔُ྾
܈ɽ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.7 ฏߦُ྾ύλʔϯͷ਺஋ղੳʹ͓͍ͯɼ࠷ऴతͳُ྾ύλʔϯʹࢸͬͨ࣌఺Ͱͷɼ
ղੳϞσϧͷਫฏ໘ʹ͓͚Δ૬౰Ԡྗίϯλʔਤɽ . . . . . . . . . . . . . . . . . 36
4.8 ฏߦُ྾ύλʔϯͷ਺஋ղੳʹ͓͍ͯɼ࠷ऴతͳُ྾ύλʔϯʹࢸͬͨ࣌఺Ͱͷɼ
ղੳϞσϧͷਫฏ໘ʹ͓͚Δମੵؚਫ཰෼෍ɽ . . . . . . . . . . . . . . . . . . . . 37
5.1 ୸ࢎΧϧγ΢Ϝݒ୙ӷͷס૩ഁյ࣮ݧͷࢼݧମɽ . . . . . . . . . . . . . . . . . . . 39
5.2 ס૩ഁյ࣮ݧʹ͓͍ͯࢼݧମ্໘ʹܗ੒͞Εͨ࠷ऴతͳُ྾ύλʔϯɽ
ް͞ 5mmͷ৔߹ɽ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
5.3 ס૩ഁյ࣮ݧʹ͓͍ͯࢼݧମ্໘ʹܗ੒͞Εͨ࠷ऴతͳُ྾ύλʔϯɽ
ް͞ 10mmͷ৔߹ɽ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
iv
5.4 ס૩ഁյ࣮ݧʹ͓͍ͯࢼݧମ্໘ʹܗ੒͞Εͨ࠷ऴతͳُ྾ύλʔϯɽ
ް͞ 20mmͷ৔߹ɽ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.5 ס૩ഁյ࣮ݧʹ͓͍ͯࢼݧମ্໘ʹܗ੒͞Εͨ࠷ऴతͳُ྾ύλʔϯɽ
ް͞ 30mmͷ৔߹ɽ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.6 ૚ް 30mm (a)ͷࢼݧମʹ͓͚Δ࠷ऴతͳُ྾ύλʔϯͷ্໘ͱఈ໘͔Βͷ༷ࢠɽ 46
5.7 ֤ࢼݧମͰܭଌ͞Εͨηϧ໘ੵͷฏۉ஋ͱ૚ް͝ͱͷηϧ໘ੵͷฏۉ஋ɽ . . . . . 46
5.8 ס૩ഁյ࣮ݧʹ͓͚Δُ྾ਐలաఔͷ༷ࢠɽ૚ް 10mm (a)ͷࢼݧମͷ৔߹ɽ . . 47
5.9 ฏۉମੵؚਫ཰ θavg ͷมԽɽ૚ް 10mm (a)ͷࢼݧମͷ৔߹ɽ . . . . . . . . . . . 48
5.10 ໢໨ঢ়ُ྾ύλʔϯͷ਺஋ղੳʹ͓͚ΔղੳϞσϧͱڥք৚݅ɽ . . . . . . . . . . 51
5.11 ໢໨ঢ়ُ྾ύλʔϯͷ਺஋ղੳʹ͓͍ͯղੳϞσϧ্໘ʹܗ੒͞Εͨ࠷ऴతͳُ྾
ύλʔϯɽް͞ 5mmͷ৔߹ɽ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
5.12 ໢໨ঢ়ُ྾ύλʔϯͷ਺஋ղੳʹ͓͍ͯղੳϞσϧ্໘ʹܗ੒͞Εͨ࠷ऴతͳُ྾
ύλʔϯɽް͞ 10mmͷ৔߹ɽ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.13 ໢໨ঢ়ُ྾ύλʔϯͷ਺஋ղੳʹ͓͍ͯղੳϞσϧ্໘ʹܗ੒͞Εͨ࠷ऴతͳُ྾
ύλʔϯɽް͞ 20mmͷ৔߹ɽ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.14 ໢໨ঢ়ُ྾ύλʔϯͷ਺஋ղੳʹ͓͍ͯղੳϞσϧ্໘ʹܗ੒͞Εͨ࠷ऴతͳُ྾
ύλʔϯɽް͞ 30mmͷ৔߹ɽ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.15 ૚ް 5mmͷղੳϞσϧʢmodel 5-2ʣʹ͓͚Δࡾ࣍ݩతͳُ྾ͷ༷ࢠɽ . . . . . . 60
5.16 Ϟσϧ͝ͱͷηϧͷฏۉ໘ੵͱਖ਼نԽ͞Εͨϝογϡۭؒ෼ղೳͷؔ܎ɽ . . . . . 60
5.17 ૚ް͝ͱͷηϧͷฏۉ໘ੵʹؔ͢Δ࣮ݧ݁Ռͱ਺஋ղੳ݁Ռͷൺֱɽ . . . . . . . 61
5.18 ໢໨ঢ়ُ྾ύλʔϯͷ਺஋ղੳʹ͓͚ΔղੳϞσϧ্໘Ͱͷُ྾ਐలͷ༷ࢠɽ૚ް
10mmʢmodel 10-3ʣͷ৔߹ɽ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
5.19 ໢໨ঢ়ُ྾ύλʔϯͷ਺஋ղੳʹ͓͚Δฏۉମੵؚਫ཰ͷมԽɽ
૚ް 10mmͷ৔߹ɽ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
6.1 ୯७Խͨ͠໰୊ઃఆԼͰͷ਺஋ղੳʹ͓͚ΔղੳྖҬͱڥք৚݅ɽ . . . . . . . . . 66
6.2 యܕతͳମੵؚਫ཰ͷ෼෍ͱରԠͨ͠ xz-ฏ໘಺Ͱͷ௚Ԡྗ੒෼ σxx ͷ෼෍ɽL =
100mmɼT = 10mmͷϞσϧʹ͓͚Δ y = 0ฏ໘ɽ . . . . . . . . . . . . . . . . 67
6.3 ʮͨΘΈʹରͯ͠ٯʹ࡞༻͢Δۂ͛ʯͱʮఈ໘ͷҾ͖৳͹͠ʯΛड͚͍ͯΔσΟʔ
ϓϏʔϜɽ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
6.4 L = 100mmͰް͕͞ҟͳΔϞσϧʹ͓͚Δମੵؚਫ཰ͱԠྗ౓ͷؔ܎ɽ . . . . . 69
6.5 ୯७Խ͞Εͨ໰୊ઃఆʹ͓͚ΔԖ௚ํ޲ͷਫ෼෼෍ܗঢ়ͷ໛ࣜਤɽ . . . . . . . . . 69
6.6 T = 5mmͰ L͕ҟͳΔϞσϧʹ͓͚Δɼମੵؚਫ཰ʹର͢ΔԠྗ౓ͷมԽɽ . . 70
6.7 T = 10mmͰ L͕ҟͳΔϞσϧʹ͓͚Δɼମੵؚਫ཰ʹର͢ΔԠྗ౓ͷมԽɽ . . 70
6.8 T = 10mmͰ L͕ҟͳΔϞσϧʹ͓͚ΔԠྗ෼෍ʢਤ- 6.1ʹ͓͚Δ y = 0ฏ໘ʣɽ 71
6.9 ਤ- 5.18ͷ֤࣌఺Ͱͷُ྾ύλʔϯʹରԠͨ͠ࢼݧମ্໘Ͱͷମੵؚਫ཰ θͷ෼෍ɽ 74
A.1 VoronoiϒϩοΫڥք໘ɽ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
v
A.2 Delaunay࢛໘ମͷഁյύλʔϯɽ . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
A.3 VoronoiϒϩοΫͷڥքͷ௖఺ɽ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
A.4 ௚Ԡྗͷܭࢉ༻ͷ୯Ґ๏ઢϕΫτϧɽ . . . . . . . . . . . . . . . . . . . . . . . . . 83
vi
ୈ1ষ ং࿦
1.1 എܠ
ס૩ഁյݱ৅͸ɼס૩ʹ൐͏ࡐྉͷෆۉҰͳମੵऩॖʹΑͬͯԠྗ͕ൃੜ͠ɼُ྾͕ܗ੒͞ΕΔݱ৅
Ͱ͋Δɽס૩ُ྾͸ɼס૩ͨ͠஍໘΍࠭യɼׯׁͳͲ༷ʑͳ৔ॴ΍ࡐྉͰ༰қʹ؍࡯͞Εɼଟ͘ͷ৔߹ɼ
໢໨ঢ়ߏ଄Λ΋ُͭ྾܈͕ࡐྉද໘Λಛ௃తͳ௕͞εέʔϧΛ΋ͬͨଟ֯ܗηϧʹ෼ׂ͢Δɽס૩ُ྾
ͷܗ੒աఔʹ͓͍ͯɼ৽ͨͳُ྾͸͢Ͱʹଘࡏ͢ΔηϧΛ෼ׂ͢ΔΑ͏ʹॱ࣍ൃੜɾਐల͍͖ͯ͠ɼ༩
͑ΒΕ࣮ͨݧ৚݅ʹରԠͨ͠αΠζ·ͰηϧαΠζ͕খ͘͞ͳͬͨͱ͜ΖͰُ྾ʹΑΔηϧͷ෼ׂ͸ऴ
ྃ͢Δɽ͜ͷஈ֊త͔ͭ֊૚తͳηϧͷ෼ׂաఔʹΑΓɼُ྾ಉ࢜͸֨ࢠঢ়Ͱ͸ͳ͘ޓ͍ҧ͍ʹަࠩ͠
1)ɼଟ֯ܗηϧͷҰล͸ෳ਺ͷηϧʹΑͬͯߏ੒͞ΕΔ͜ͱʹͳΔʢ֊૚తͳηϧͷ෼ׂաఔʹؔͯ͠
͸ɼBohn (2005a, 2005b)2,3)ʹৄࡉͳهड़͕͋Δʣɽס૩ഁյݱ৅ʹ͓͍ͯɼُ྾ͷαΠζɾܗঢ়ɾ໢
໨ঢ়ߏ଄ͷτϙϩδʔ͸ࡐྉ΍৚݅ʹΑͬͯେ͖͘ҟͳΔɽ͔͠͠ɼ͍ͣΕͷ৔߹ʹ͓͍ͯ΋ɼʮ֊૚త
ʹܗ੒͞ΕΔ໢໨ঢ়ͷُ྾ύλʔϯߏ଄͕ɼಛ௃తͳ௕͞εέʔϧΛ΋ͬͨଟ֯ܗηϧΛࣗൃతʹܗ੒
͢Δʯͱ͍͏جຊతੑ࣭͸อͨΕ͍ͯΔɽ͜ͷ͜ͱ͸ɼס૩ഁյݱ৅ͷഎޙʹɼࡐྉͷߏ੒ଇʹ͸ґଘ
͠ͳ͍ڞ௨ͷࢧ഑๏ଇ͕ଘࡏ͢Δ͜ͱΛ༧૝ͤ͞Δɽ
ס૩ഁյݱ৅ʹؔ͢Δॳظͷݚڀ͸ɼ࣮ݧ৚݅ʹԠͨ͡ଟ༷ͳס૩ُ྾ύλʔϯͱͦͷ౷ܭతৼΔ෣
͍Λ໌Β͔ʹ͢ΔͨΊͷ࣮ݧతݚڀ͕ओମͱͳ͍ͬͯͨɽKindle (1917)4)ͷ࣮ݧΛॳΊͱͨ͠ଟ͘ͷ࣮
ݧ݁Ռ 5–10) ͸ɼס૩ُ྾ʹΑͬͯܗ੒͞ΕΔଟ֯ܗηϧͷܗঢ়͕࣮ݧ৚݅ʢe.g., ܥͷαΠζɼࡐྉఆ
਺ɼ߆ଋ৚݅ɼס૩଎౓ʣʹର͠ҰఆͷنଇΛ൐ͬͯมԽ͢Δ͜ͱΛ͍ࣔͯ͠Δʢ͜ΕΒͷݚڀͷ͏ͪɼ
ಛʹৄࡉͳσʔλΛ͍ࣔͯ͠Δ΋ͷ͸ Corte and Higashi (1960)11) ͷϨϙʔτͰ͋Δʣɽ
ྫ͑͹ɼηϧͷฏۉత໘ੵ͸ࢼྉͷ૚ްͷ૿Ճʹ൐ͬͯ૿Ճ͠ɼُ྾ͷަࠩ֯͸ 90◦ʹ୅Θͬͯ 120◦
͕ࢧ഑తͱͳΔɽ૚͕ܥͷαΠζʹൺ΂े෼ʹް͘ͳΔͱηϧαΠζ͕ܥͷฏ໘ํ޲ͷαΠζͱಉ౳ʹ
ͳΓɼηϧ͸ܗ੒͞Εͳ͘ͳΔ 2,12–15)ɽ͜ͷ૚ްͱηϧαΠζͷؔ܎ʹؔ͢Δৄࡉͳٞ࿦͸ɼ͜Ε·Ͱ
1
ʹ΋ଟ͘ͷݚڀʹ͓͍ͯߦΘΕ͓ͯΓ 11,12,16–18) ίʔώʔค΍೪౔ͳͲΛ༻͍͍͔ͨͭ͘ͷ࣮ݧͰ͸ɼ
ηϧͷ௕͞εέʔϧ͸૚ްʹൺྫ͢Δͱ݁࿦͚ͮΒΕ͍ͯΔ 12,19)ɽҰํͰɼଞͷ࣮ݧ݁ՌͰ͸͜ͷΑ
͏ͳηϧͷ௕͞εέʔϧͱ૚ްͷൺྫؔ܎͸ࣔ͞Ε͍ͯͳ͍ 11,16)ɽ͕ͨͬͯ͠ɼ͜ΕΒͷٞ࿦͔Βಘ
ΒΕΔଥ౰ͳ݁࿦͸ɼʮ૚ްͷ૿Ճʹର͢ΔηϧαΠζͷ૿Ճ܏޲ʯͱ͍͏ఆੑత܏޲ͷΈͰ͋Δɽ
·ͨɼ೪౔Λ༻͍ͨס૩࣮ݧͰ͸ɼڥք໘ͷ߆ଋ৚݅΍ࢼྉܗঢ়ΛมԽͤ͞Δ͜ͱʹΑͬͯɼೋ࣍ݩత
ͳ໢໨ঢ়ُ྾ύλʔϯ͚ͩͰͳ͘Ұ࣍ݩతͳฏߦُ྾ύλʔϯ΋࡞Γग़ͤΔ͜ͱΛ͍ࣔͯ͠Δ 15,16,20)ɽ
͞Βʹɼ༰ث಺ଆʹϫηϦϯ౳ΛృΓɼࢼྉͱ༰ثؒͷຎࡲΛ௿ݮ͢Δ͜ͱͰɼηϧαΠζ͕૿Ճ͢Δ
͜ͱ΍ 12)ɼఈ໘ج൫ͷࡐ࣭ʹΑΓُ྾ύλʔϯ͕มԽ͢Δ͜ͱ΋؍࡯͞Ε͍ͯΔ 11)ɽҎ্ͷΑ͏ͳڥ
ք৚݅ʹΑΔُ྾ύλʔϯͷมԽͷΈͳΒͣɼελʔνΛ༻͍࣮ͨݧͰܗ੒͞ΕΔنଇతͳ࿡֯ηϧ΍
21–26)ɼ೪౔ʹؚ·ΕΔԘ෼ྔͷ૿ՃʹΑΔُ྾਺ͷݮগ 27)ɼకΊݻΊͨ౔ʹ͓͚Δُ྾ύλʔϯ 28,29)
ͳͲɼࡐྉʹΑΔُ྾ύλʔϯͷҧ͍ʹண໨࣮ͨ͠ݧ΋ଟ͍ɽ·ͨɼ૚ް΍ৠൃ଎౓ʹΑΔס૩ُ྾ܗ
ঢ়ʢe.g., ُ྾։ޱ෯ɼُ྾ਂ͞ʣͷมԽ΋ݕূ͞Ε͍ͯΔ 30,31)ɽ͜ͷΑ͏ʹɼס૩ഁյݱ৅ʹؔ͢Δ
࣮ݧతݚڀ͸ɼס૩աఔʹ͓͚Δࢼྉ಺෦ͷ෺ཧྔมԽͷϛΫϩεέʔϧͰͷଌఆͷࠔ೉͞Λ౿·͑ͯɼ
ܥͷαΠζ͓Αͼڥք৚݅ͱُ྾ͷزԿܗঢ়ͱͷؒͷؔ܎΍ɼࢼྉ͔Βͷਫ෼ৠൃྔͱُ྾ຊ਺ͱͷؔ
܎ͳͲʹ͍ͭͯͷ࣮ݧࣄ࣮ͷऩूͱɼ͜Εʹجͮ͘ݱ৅࿦తͳ෺ཧϞσϧͷߏஙΛ໨తͱ͍ͯͨ͠ɽ
͜ͷํ਑ʹجͮ͘ݚڀ͸ɼۙ೥ʹࢸΔ·Ͱ༷ʑͳࡐྉ΍ࢼྉܗঢ়ɼڥք৚݅ʹ͍ͭͯ໢ཏతʹߦΘΕ
͓ͯΓɼৄࡉͳُ྾ܗঢ়ͷσʔλΛಘΔͨΊͷ࣮ݧతख๏΋ఏҊ͞Ε͍ͯΔ 32,33)ɽ͔͠͠ͳ͕Βɼಘ
ΒΕ༷ͨʑͳ࣮ݧ݁ՌΛ౷Ұతʹઆ໌Ͱ͖ΔΑ͏ͳ෺ཧϞσϧ͸ɼະͩݟग़͞Ε͍ͯͳ͍ɽ͜ͷݪҼͷ
Ұͭʹ͸ɼଌఆͰ͖Δ෺ཧྔ͕ɼܥͷαΠζɼڥք৚݅ɼࢼྉશମͰͷؚਫྔมԽͳͲɼϚΫϩεέʔ
ϧͰฏۉԽ͞Εͨ஋ͷΈͰ͋Δ͜ͱ͕͋͛ΒΕΔɽُ྾ͷਐలํ޲ɼࢬ෼͔Εɼަࠩ֯ͳͲ͸ɼُ྾ઌ
୺ۙ๣ͷϛΫϩεέʔϧͰͷ෺ཧ৔ʹΑܾͬͯఆ͞ΕΔ͜ͱΛߟ͑ΔͱɼϚΫϩεέʔϧͰͷ෺ཧྔͷ
ฏۉ஋ͱϚΫϩεέʔϧͰͷُ྾ͷಛ௃ྔͱͷؔ܎ʹجͮ͘ݱ৅࿦త෺ཧϞσϧΛ༻͍ͯס૩ഁյݱ৅
Λઆ໌͢Δ͜ͱ͸೉͍͠ͱ݁࿦෇͚͟ΔΛಘͳ͍ɽ͜ͷ͜ͱ͔Βɼס૩ഁյݱ৅ʹؔ͢Δৄࡉͳఆྔత
ٞ࿦ʹ͸ɼཧ࿦͓Αͼ਺஋ղੳʹجͮ͘ϛΫϩεέʔϧͷ෺ཧݱ৅ͷݕূ͕ඞཁͰ͋Δͱ͍͑Δɽ
࣮ݧతݚڀͷݶքͱ਺஋ղੳٕज़ͷൃୡʹ൐͍ɼۙ೥Ͱ͸ཧ࿦త͓Αͼ਺஋ղੳతΞϓϩʔνʹΑΔ
ݚڀ͕ओྲྀͱͳ͍ͬͯΔɽ͜ΕΒͷݚڀ͸ɼ࣮ݧ͔ΒಘΒΕΔُ྾ύλʔϯͷ࠶ݱΛ໨తͱ͠ɼס૩ഁյ
ݱ৅ͷϞσϧԽͱద੾ͳ਺஋ղੳख๏ͷఏҊΛࢼΈ͍ͯΔ 34–39)ɽͦͷ͏ͪɼ୅දతͳ΋ͷͱͯ͠ɼ2ຕ
ͷ߶ମ൘Λഁյͷᮢ஋͕ͦΕͧΕҟͳΔฏߦͳϑΝΠόʔʹΑͬͯ઀ଓͨ͠ fibre bundle model40)ɼᮢ஋
Ҏ্ͷిྲྀ͕ྲྀΕΔͱ੾அ͞ΕΔೋ࣍ݩͷిؾతཁૉʹΑͬͯߏ੒͞Εͨ random fuse model41,42)ɼཻ
2
ࢠͱͦΕΒΛ઀ଓ͢Δ͹ͶʹΑͬͯߏ੒͞ΕΔ͹ͶωοτϫʔΫϞσϧʢSNM: Spring Network Modelʣ
43–53)ɼϑΣʔζϑΟʔϧυϞσϧ 54)ɼDEM (Discrete Element Method) ΍༗ݶཁૉ๏ʹجͮ͘Ϟσ
ϧ 55–58) ͳͲ͕͋͛ΒΕΔɽ
ס૩ُ྾ͷύλʔϯܗ੒ʹ͓͍ͯɼס૩ʹΑΔਫ෼Ҡಈͷ݁Ռੜ͡ΔෆۉҰͳਫ෼෼෍͕ॏཁͳ໾ׂ
Λ୲͏͜ͱ͸௚؍తʹཧղͰ͖Δɽ͔͠͠ɼ͜Ε·ͰʹఏҊ͞ΕͨϞσϧͷଟ͘͸͜ͷ௚؍ʹ൓ͯ͠ɼ
Ұ༷ͳਫ෼෼෍Λલఏͱ͓ͯ͠ΓɼෆۉҰͳࡐྉಛੑ͕ס૩ُ྾ͷಛ௃తͳύλʔϯΛܗ੒͢ΔཁҼͰ
͋ΔͱͷԾఆʹج͍͍ͮͯͨɽ
ྫ͑͹ɼ࠷΋γϯϓϧͳϞσϧͰ͋Δೋ࣍ݩ͹ͶωοτϫʔΫϞσϧ 50) Ͱ͸ɼྖҬ಺ͷਫ෼෼෍͸
Ұ༷ͱԾఆ͞Εɼਫ෼ͷৠൃʹ൐͏ମੵऩॖ͸ɼ͹Ͷͷࣗવ௕Λ୹͘͢Δ͜ͱʹΑͬͯදݱ͞ΕΔɽ͜
ͷϞσϧͰ͸ɼೋ࣍ݩͷࡾ֯ܗ֨ࢠঢ়ʹۉ౳഑ஔͨ͠͹ͶωοτϫʔΫʹΑΓ೪౔ͷബ૚ࢼݧମΛ໛͠
͍ͯΔ͕ɼ׬શʹۉ࣭ͳ͹ͶωοτϫʔΫϞσϧʢi.e., ۉ࣭ഔ࣭ͷۉҰऩॖϞσϧʣͰ͸ಛ௃తͳُ྾
ύλʔϯ͸Ұ੾ग़ݱ͠ͳ͍ɽ͕ͨͬͯ͠ɼಛ௃తͳύλʔϯͷࣗൃతܗ੒ͷ֩ͱ͍͔ͯͭ͘͠ͷෆۉҰ
ੑΛϞσϧ಺ʹ૊ΈࠐΉඞཁ͕͋Δɽ͜ͷϞσϧͰ͸ɼഁյ͸಺ྗ͕ᮢ஋Λ௒͑ͨ͹Ͷͷ੾அʹΑΓද
ݱ͞Εɼ͜ͷᮢ஋ʹ͹Β͖ͭΛ༩͑Δ͜ͱͰࡐྉڧ౓ͷہॴతܽؕΛදݱ͍ͯ͠Δɽ͞Βʹɼ͹Ͷͷੑ
࣭ɼ͹Ͷͷ݁અ఺ͷຎࡲɼ͹Ͷͷ഑ஔɼʹͦΕͧΕ͹Β͖ͭΛ༩͑Δ͜ͱͰɼ஄ੑɼมܗ৔ɼڥք৚݅ͷ
͹Β͖͕ͭϞσϧ಺ʹಋೖ͞Ε͍ͯΔɽ͜ͷϞσϧ͸ɼύϥϝʔλͷద੾ͳνϡʔχϯάʹΑͬͯɼ໢
໨ঢ়ͷُ྾ߏ଄Λ࡞Γग़͢͜ͱ͸ग़དྷΔ͕ɼηϧͷαΠζ΍ܗঢ়͸ɼ࣮ࡍʹ؍࡯͞ΕΔס૩ُ྾ύλʔ
ϯͱ͸େ͖͘ҟͳΔɽͭ·Γɼ͜ͷϞσϧ͸ɼס૩ഁյݱ৅Λ೦಄ʹஔ͍ͯ͸͍Δ͕ɼס૩ഁյͱ͸શ
͘ҟͳΔηϧϥʔΦʔτϚτϯͱҐஔ͚ͮΒΕΔɽ
DEMʹجͮ͘Ϟσϧ 58)Ͱ͸ɼਫ෼ͷৠൃͷӨڹΛཻࢠͷମੵऩॖɼཻࢠؒͷ͹Ͷఆ਺ɼཻࢠؒͷ͹
Ͷڧ౓ʹ൓өͤ͞Δ͜ͱʹΑΓɼ͹ͶωοτϫʔΫϞσϧΛ೪౔ͷס૩ُ྾ύλʔϯܗ੒ͷ໰୊ʹۙͮ
͚ΔࢼΈ͕ͳ͞Ε͍ͯΔɽ͜ͷϞσϧͰ΋্هͷೋ࣍ݩ͹ͶωοτϫʔΫϞσϧͱಉ༷ɼྖҬ಺ͷҰ༷
ͳਫ෼෼෍ΛԾఆ͍ͯ͠Δɽ·ͨɼࡐྉಛੑͷෆۉҰੑ͸ɼཻࢠܘͷ͹Β͖ͭʹΑͬͯϞσϧ಺ʹಋೖ
͞Ε͍ͯΔɽഁյʹد༩͢Δཻࢠؒ૬ରมҐ͸ཻࢠαΠζʹґଘ͠ͳ͍͜ͱ͕ٻΊΒΕΔʹ΋ؔΘΒͣɼ
ཻࢠܘͷมԽ཰ؚ͕ਫ཰ͷؔ਺ͱͯ͠༩͑ΒΕΔͨΊɼཻࢠؒมҐ͸ཻࢠܘʹൺྫ͢Δɽͭ·Γɼཻࢠ
ؒͷͭͳ͕Γ͸ɼܘͷେ͖ͳཻࢠಉ࢜ͷํ͕ܘͷখ͞ͳཻࢠಉ࢜ʹൺ΂ͯɼ૬ରతʹऑ͘ͳΔɽ͜Ε͸ɼ
ཻࢠؒͷ͹Ͷڧ౓ʹ͹Β͖ͭΛಋೖ͍ͯ͠Δ͜ͱʹଞͳΒͳ͍ɽ͜ͷϞσϧͰ͸ɼ໢໨ঢ়ͷُ྾ύλʔ
ϯ΍ɼ૚ް΍߆ଋ৚݅ʹԠͨ͡ηϧαΠζͷมԽͳͲɼఆੑతͳ܏޲ͷ࠶ݱʹ͸੒ޭ͍ͯ͠Δ͕ɼηϧ
ͷ֊૚తͳ෼ׂաఔ΍ס૩ͷਐߦʹ൐͏ُ྾਺ͷ૿ՃͳͲͷ܏޲͸ଊ͑ΒΕ͍ͯͳ͍ɽ
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ۉҰͳࡐྉఆ਺Λ࢛࣋ͭ໘ମιϦουཁૉͱͦͷཁૉڥքʹഁյΛڐ͢δϣΠϯτཁૉΛຒΊࠐΜͩ
༗ݶཁૉϞσϧ 57) Ͱ͸ɼਫ෼ͷৠൃͷӨڹΛ࢛໘ମιϦουཁૉͷମੵऩॖͱͯ͠༩͑ͯɼס૩ഁյ
ͷղੳΛߦ͍ͬͯΔɽ͜ͷղੳͰ͸ɼס૩ُ྾ύλʔϯͷܗঢ়ɼηϧαΠζɼ͓Αͼ͜ΕΒͷ૚ްґଘ
ੑͳͲΛൺֱతྑ޷ʹ࠶ݱͰ͖Δέʔε΋͋Δ͕ɼ࣮ݧͰ؍ଌ͞ΕΔُ྾ύλʔϯ͔Βେ͖͘֎ΕΔ৔
߹΋͋Δɽ·ͨɼηϧͷ֊૚తͳ෼ׂաఔ΋࠶ݱͰ͖͍ͯͳ͍ɽྑ޷ʹ࠶ݱͰ͖Δྫ͸ɼ΄΅ೋ࣍ݩ໰
୊ͱݟͳ͢͜ͱͷग़དྷΔബ૚ࢼݧମʹݶఆ͞Ε͍ͯΔɽ͜ͷओͳݪҼ͸ɼҰ༷ͳס૩ऩॖΛԾఆ͍ͯ͠
Δ఺ʹ͋Δͱ͍͑Δɽ
͜ͷΑ͏ʹɼס૩ʹ൐͏ਫ෼ҠಈʹΑΔෆۉҰͳਫ෼෼෍Λແࢹͨ͠਺஋ղੳతΞϓϩʔνͷݚڀ͸ɼ
ዞҙతͳཻࢠؒ૬ޓ࡞༻΍ෳࡶͳࡐྉߏ੒ଇΛಋೖ͢Δ͜ͱʹΑͬͯɼُ྾ύλʔϯͦͷ΋ͷͷෳࡶ͞
΍ɼُ྾ύλʔϯͱڥք৚݅ͱͷؔ܎ͷෳࡶ͞Λઆ໌͠Α͏ͱ͢ΔࢼΈͰ͋ΔͱҐஔ͚ͮΒΕΔɽ͜Ε
ΒͷݚڀͰఏҊ͞ΕͨϞσϧͰ͸ɼಛ௃తͳُ྾ύλʔϯΛܗ੒͢ΔͨΊͷʮ֩ʯͱͯ͠ɼਓҝతͳ͹
Β͖ͭΛ΋ͭύϥϝʔλʢi.e., ࡐྉಛੑʣΛಋೖ͢Δඞཁ͕͋Δɽ͜Ε͸ɼϞσϧ಺ʹਓҝతͳ௕͞ε
έʔϧΛಋೖ͍ͯ͠Δ͜ͱʹଞͳΒͣɼ࠶ݱ͞ΕΔηϧαΠζ΍ηϧܗঢ়͸ɼਓҝతʹಋೖ͞Εͨෆۉ
Ұੑʹڧ͘ґଘ͢Δɽ͕ͨͬͯ͠ɼ͜ΕΒͷϞσϧͰ͸ҙਤ͢Δُ྾ύλʔϯΛಘΔͨΊɼዞҙతͳύ
ϥϝʔλνϡʔχϯάΛཁ͢ΔɽՃ͑ͯɼ͜ͷΑ͏ͳҰ༷ͳਫ෼෼෍ɾס૩ऩॖͷԾఆʹجͮ͘Ϟσϧ
Ͱ͸ɼס૩ഁյݱ৅ʹಛ௃తͳʮஈ֊త͔ͭ֊૚తͳηϧͷ෼ׂաఔʯ΍ɼೋ࣍ݩ໰୊ͱΈͳ͢͜ͱ͕
ग़དྷͳ͍ʮް૚ࢼݧମʹ͓͚Δُ྾ύλʔϯʯΛ࠶ݱ͢Δ͜ͱ͸Ͱ͖ͳ͍ɽް૚ࢼݧମͷُ྾ύλʔϯ
΍ηϧͷ෼ׂաఔΛ࠶ݱ͢ΔͨΊʹ͸ɼ࣌ؒͱͱ΋ʹมԽ͢ΔඇҰ༷ͳਫ෼෼෍ͱُ྾͕৔ʹٴ΅͢Ө
ڹΛద੾ʹϞσϧʹऔΓೖΕΔ͜ͱ͕ٻΊΒΕΔɽ
ඇҰ༷ͳਫ෼෼෍ͱُ྾ͷӨڹΛϞσϧʹऔΓೖΕΔࢼΈ͸ɼྫ͑͹ɼPeron et al.ʢ2008ʣ59) ʹΑ
ΔҰ࣍ݩతͳฏߦُ྾ύλʔϯͷ࠶ݱΛ໨తͱͨ͠਺஋ղੳʹΈΒΕΔɽ͜ͷϞσϧͰ͸ɼਫ෼Ҡಈʹ
൐͏ମੵऩॖͱมҐ৔ͷ໰୊ͱΛ࿈੒ͤͨ͞ FEMղੳΛߦ͍ͬͯΔɽ͜ͷ࿈੒ղੳ͔ΒಘΒΕΔԠྗ
෼෍͸ɼཻࢠܘऩॖͷ෼෍ͱͯ͠ DEMղੳʹૠೖ͞Ε͍ͯΔɽͭ·Γɼਫ෼Ҡಈʹ൐͏มܗͷ݁Ռੜ
͡Δഁյ͸ɼDEMʹΑͬͯऔΓѻΘΕ͍ͯΔɽ͜ͷ਺஋ղੳ͸ɼס૩ُ྾͕ࢼྉද໘͔Βఈ໘΁ਐల
͢Δ༷ࢠΛ࠶ݱ͍ͯ͠Δ͕ɼُ྾ύλʔϯͷ࠶ݱʹ͸ࢸ͍ͬͯͳ͍ɽ·ͨɼMusielak and S´liwaʢ2012ʣ
60)΋ਫ෼෼෍ͷมԽ͸ߟྀ͍ͯ͠Δ͕ɼมܗͱഁյʹؔͯ͠͸؆қతͳ͹ͶωοτϫʔΫϞσϧΛ༻͍
͓ͯΓɼݻମ࿈ଓମͷมܗɾഁյΛදݱͰ͖͍ͯͳ͍ɽͦͷͨΊɼ͜ͷղੳʹ͓͍ͯ΋ُ྾ύλʔϯͷ
࠶ݱʹ͸ࢸ͍ͬͯͳ͍ɽ྆ऀͷࣦഊͷݪҼ͸ɼղੳϞσϧ͕֦ࢄɾԠྗ࿈੒ղੳͱഁյղੳͱͷٖࣅత
ͳ࿈੒ղੳϞσϧʹͱͲ·͍ͬͯͨ͜ͱʹ͋Δͱߟ͑ΒΕΔɽ
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Ҏ্ͷΑ͏ʹɼैདྷݚڀͰ͸ס૩ഁյݱ৅ʹ͓͚Δُ྾ύλʔϯܗ੒ͷ໰୊ʹର͠ɼ࣮ݧɾཧ࿦ɾ਺
஋ղੳʹΑΔ༷ʑͳΞϓϩʔν͕ߦΘΕ͖͕ͯͨɼͦͷ͍ͣΕʹ͓͍ͯ΋ס૩ഁյݱ৅ͷ۩ମతϝΧχ
ζϜΛઆ໌Ͱ͖͍ͯͳ͍ɽ1ੈلҎ্ʹ͓ΑͿ஌ݟ͕͋Δʹ΋ؔΘΒͣɼס૩ഁյݱ৅ʹ͓͍ͯס૩ُ
྾܈͕ܗ੒͢Δಛ௃తͳύλʔϯ͕͍͔ʹܾͯ͠·Δͷ͔ͱ͍͏໰୊͸ɼະͩղ໌͞Ε͍ͯͳ͍ͷͰ͋
Δɽैདྷͷɼ෺ཧతࠜڌͷͳ͍ݱ৅࿦తϞσϧ΍ෳࡶͳࡐྉߏ੒ଇͷಋೖɼዞҙతͳύϥϝʔλνϡʔ
χϯάͱ͍ͬͨݚڀख๏͸ɼҙਤ͢Δ݁ՌΛ࡞Γग़͍ͯ͠Δʹա͗ͣɼ͜ͷ໰୊ͷຊ࣭తͳղܾࡦʹ͸
ͳΓಘ͍ͯͳ͍ɽҰํͰɼס૩ഁյݱ৅ʹ͸ʮಛ௃తͳ௕͞εέʔϧΛ΋ͭଟ֯ܗηϧͷࣗൃతܗ੒ʯ
ͱ͍͏ࡐྉ΍৚݅ʹΑΒͳ͍ڞ௨ͷಛ௃͕ଘࡏ͢Δ͜ͱʹண໨͢Ε͹ɼס૩ُ྾ʹΑΔύλʔϯܗ੒ͷ
໰୊͸ዞҙతͳࡐྉߏ੒ଇ΍ύϥϝʔλνϡʔχϯάʹґଘ͠ͳ͍ɼϑΝϯμϝϯλϧͳ෺ཧͷࢧ഑๏
ଇͰઆ໌Ͱ͖Δ͸ͣͰ͋Δͱߟ͑Δ͜ͱ͕Ͱ͖Δɽ
1.2 ໨త
ຊ࿦จͰ͸ɼס૩ഁյݱ৅Λʮࡐྉ಺ͷਫ෼֦ࢄʯɼʮࡐྉͷมܗʯɼʮࡐྉͷഁյʯͱ͍͏ 3ͭͷϑΝ
ϯμϝϯλϧͳ෺ཧݱ৅ʹ੾Γ෼͚ͯߟ͑Δɽ͜ΕΒͷ෺ཧݱ৅ͷύϥϝʔλʹؔ͢Δ࣍ݩղੳͱɼ࣮
ݧ͔Βಘͨఆੑత܏޲ΛরΒ͠߹ΘͤΔͱɼ֤෺ཧݱ৅Λߏ੒͢Δύϥϝʔλ͕มԽ͢Δ͜ͱͰُ྾ύ
λʔϯͷ௕͞εέʔϧʢi.e., ଟ֯ܗηϧͷηϧαΠζʣ΋มԽ͢Δ͜ͱ͕෼͔Δɽ͜ͷ͜ͱ͔Βɼ֦ࢄ
܎਺ɼϠϯά཰ɼҾுڧ౓ɼਫ෼ऩॖ܎਺౳ͷύϥϝʔλͷൺ཰͕௕͞εέʔϧΛܾఆ͍ͯ͠Δͱߟ͑
Δ͜ͱ͕Ͱ͖Δɽ͜ͷߟ࡯ʹै͍ɼʮס૩ُ྾ύλʔϯͷಛ௃తͳ௕͞εέʔϧ͸ɼෳ਺ͷ෺ཧݱ৅ͷ࿈
੒ʹΑܾͬͯఆ͞ΕΔʯͱ͍͏ԾઆΛཱͯͨɽ
͜ͷԾઆΛݩʹɼס૩ഁյݱ৅Λɼਫ෼֦ࢄɾมܗɾഁյͱ͍͏ 3ͭͷ෺ཧݱ৅͔Β੒ΓཱͭϚϧν
ϑΟδοΫεͷ໰୊ͱͯ͠ଊ͑ɼס૩ഁյݱ৅ʹର͢Δ֦ࢄɾมܗɾഁյͷ࿈੒ϞσϧΛ࿈ଓମྗֶͷ࿮
૊ΈͰఏҊ͢Δɽ·ͨɼఏҊͨ͠࿈੒Ϟσϧʹج͍ͮͨ਺஋ղੳΛߦ͏͜ͱʹΑͬͯɼਫʖคମࠞ߹෺
ͷס૩աఔͰੜ͡Δಛ௃తͳ௕͞εέʔϧΛ΋ُͭ྾ύλʔϯ͕ɼዞҙతͳ௕͞εέʔϧʢi.e., ࡐྉͷ
ྗֶతੑ࣭ɼॳظਫ෼෼෍ɼڥք৚݅ɺղੳྖҬͷزԿܗঢ়ͷ͹Β͖ͭʣͷಋೖͳ͠ʹۉ࣭ͳॳظঢ়ଶ
͔Β૑ൃ͞ΕΔաఔΛ࠶ݱ͢Δɽ͜ͷ਺஋ղੳͷͨΊɼࡐྉͷ஄ੑมܗͱഁյʹΑΔมҐ৔ͷෆ࿈ଓੑ
Λ؆ศʹऔΓѻ͑Δཻࢠ཭ࢄԽ༗ݶཁૉ๏ʢPDS-FEM: Particle Discretization Scheme Finite Element
Methodʣ61–65)ͷద༻ൣғΛɼס૩ऩॖͱ͍͏ඇ஄ੑมܗΛ൐͏৔ʹ͓͚Δഁյݱ৅΁ͱ֦ு͢Δɽ·
ͨɼPDS-FEMͱ༗ݶཁૉ๏Λ༻͍ͨڧ࿈੒ղੳͱऑ࿈੒ղੳͷ࢖͍෼͚ͱ͍͏৽ͨͳख๏ΛఏҊ͢Δ
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͜ͱͰɼ֦ࢄͱഁյͱ͍͏࣌ఆ਺͕େ͖͘ҟͳΔݱ৅ͷ࿈੒ΛՄೳʹ͢Δɽ͞Βʹɼ୸ࢎΧϧγ΢ϜΛ
༻͍ͨס૩ഁյ࣮ݧΛߦ͍ɼ࣮ݧͱ਺஋ղੳͰಘΒΕُͨ྾ύλʔϯͷܗঢ়͓Αͼُ྾ύλʔϯͷܗ੒
աఔʹؔͯ͠ൺֱ͢Δ͜ͱͰɼఏҊͨ͠ԾઆͱͦΕʹجͮ͘࿈੒Ϟσϧͷଥ౰ੑͷݕূΛߦ͏ɽ
ُ྾ύλʔϯߏ଄͸֊૚త͔ͭෆՄٯతʹܗ੒͞Εɼύλʔϯߏ଄ͷ࣌ؒൃలʹ൐͍৔͕มԽ͢Δɽ
͜ͷෳࡶͳ৔ʹ͓͍ͯɼෳ਺ͷ෺ཧݱ৅ͷ૬ޓ࡞༻͕ύλʔϯͷܾఆʹରͯ͠Ռͨ͢໾ׂΛ௚؍తʹ೺
Ѳ͢Δ͜ͱ͸೉͍͠ɽ͜ΕΛ౿·͑ɼຊݚڀͰ͸਺஋ղੳʹΑͬͯෳ਺෺ཧؒͷ૬ޓ࡞༻ͷ۩ମతͳ࢟
Λ໌Β͔ʹ͠ɼס૩ഁյݱ৅ʹ͓͚Δُ྾ύλʔϯܗ੒ͷࢧ഑๏ଇΛಋ͘ɽ
1.3 ຊ࿦จͷߏ੒
ຊ࿦จ͸ 7ষ͔Βߏ੒͞ΕΔɽୈ 1ষͰ͸ɼຊ࿦จͷݚڀഎܠͱ໨తʹ͍ͭͯड़΂ͨɽୈ 2ষͰ͸ɼ
ס૩ഁյݱ৅ͷ਺ཧϞσϧΛఏҊ͠ɼղੳతͳఆࣜԽ͓Αͼ཭ࢄతͳఆࣜԽΛࣔ͢ɽୈ 3ষͰ͸ɼୈ 2ষ
ͰఏҊ͢Δ࿈੒Ϟσϧͷߏ଄ʹجͮ͘਺஋ղੳख๏ʹ͍ͭͯड़΂Δɽୈ 4ষͰ͸ɼҰ࣍ݩతͳฏߦُ྾
ύλʔϯͱͦͷܗ੒աఔʹؔ͢Δ਺஋ղੳ݁ՌΛࣔ͢ɽୈ 5ষͰ͸ɼೋ࣍ݩతͳ໢໨ঢ়ُ྾ύλʔϯͱ
ͦͷܗ੒աఔʹؔ͢Δ਺஋ղੳ݁ՌΛࣔ͢ɽ·ͨɼղੳ݁Ռͱ୸ࢎΧϧγ΢Ϝݒ୙ӷΛ༻͍ͨס૩ഁյ
࣮ݧͷ݁ՌΛఆྔతʹൺֱ͢Δ͜ͱͰɼ਺஋ղੳ݁Ռͷଥ౰ੑͷݕূΛߦ͏ɽୈ 6ষͰ͸ɼ֦ࢄͱมܗ
ͷ࿈੒ʹͷΈண໨ͨ͠਺஋ղੳΛߦ͏ͱͱ΋ʹɼୈ 5ষͷ਺஋ղੳ݁ՌΛ෼ੳ͢Δ͜ͱͰɼُ྾ύλʔ
ϯܗ੒ͷϝΧχζϜʹؔ͢Δߟ࡯Λߦ͏ɽୈ 7ষͰ͸ɼຊ࿦จͷ݁࿦Λड़΂Δɽ
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ୈ2ষ ס૩ഁյݱ৅ͷ਺ཧϞσϧ
ס૩ഁյݱ৅͸ɼਫ෼ͷৠൃʹ൐͏ࡐྉͷෆۉҰͳऩॖʹΑͬͯ஝ੵ͞ΕͨͻͣΈΤωϧΪʔ͕ɼഁ
յʹΑͬͯղ์͞ΕΔݱ৅Ͱ͋Δɽ͜ͷഁյʹΑΔͻͣΈΤωϧΪʔͷղ์͸ஈ֊తʹߦΘΕɼُ྾ύ
λʔϯͷۭ࣌ؒత֊૚ߏ଄ΛੜΈग़͢ɽס૩ഁյݱ৅ͷऔΓѻ͍Λ೉͘͢͠Δ࠷େͷཁҼ͸ɼ͜ͷ֊૚
త͔ͭෆՄٯతʹܗ੒͞ΕΔύλʔϯߏ଄͕৔ͷ࿈ଓੑΛมԽͤ͞ܥશମʹӨڹΛٴ΅͢͜ͱʹ͋Δɽ
͜ΕΛ౿·͑ɼຊষͰ͸ס૩ഁյݱ৅ʹର͠ɼύλʔϯߏ଄ͷܗ੒ʹ൐͍มԽ͢Δ৔Λద੾ʹଊ͑ΒΕ
ΔΑ͏ͳ਺ཧϞσϧΛఏҊ͢Δɽ
2.1 ໰୊ઃఆ
ਤ- 2.1 (a)͸ɼಁਫੑΛ΋ͭมܗ෺ମͷס૩ഁյաఔʹ͍ͭͯɼҰൠੑΛ࠷େݶ֬อͨ͠໰୊ઃఆʢ֎
ܗɼڥքɼࡐྉಛੑɼ৔ͷม਺ʣΛද͢ɽ͜ͷ໰୊͸ɼ֦ࢄɾมܗɾഁյͷ࿈੒໰୊Ͱ͋Γɼi) ُ྾Λ
ؚΉഔମ಺ͷਫ෼֦ࢄʹؔ͢Δॳظ஋ڥք஋໰୊ʢਤ- 2.1 (b)ʣɼii) ਫ෼֦ࢄʹΑΔɼُ྾ΛؚΉഔମ
ͷมܗʹؔ͢Δڥք஋໰୊ʢਤ- 2.1 (c)ʣɼͷ࿈੒໰୊ͱͯ͠ఆࣜԽ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼਤ- 2.1
(b)͸ɼُ྾ΛؚΉഔମ಺ͷਫ෼֦ࢄʹؔ͢Δॳظ஋ڥք஋໰୊ʹର͢Δ໰୊ઃఆΛදͨ͠΋ͷͰ͋Γɼ
ਤ- 2.1 (a)ͷ͏ͪؔ܎͢Δࡐྉಛੑͱ৔ͷม਺Λ͍ࣔͯ͠Δɽಉ༷ʹɼਤ- 2.1 (c)͸ɼਫ෼֦ࢄʹΑΔɼ
ُ྾ΛؚΉഔମͷมܗʹؔ͢Δڥք஋໰୊ʹର͢Δ໰୊ઃఆΛදͨ͠΋ͷͰ͋Δɽ
ͳ͓ɼຊ࿦จதʹ͓͚Δଠࣼମه߸͸ϕΫτϧྔɼ·ͨ͸ςϯιϧྔΛද͠ɼԼ͖ͭఴࣈͰදه͞Ε
Δه߸͸ͦΕͧΕͷ੒෼Λද͢ɽࣜ (2.6)Ҏ߱ɼ੒෼දهͷࣜʹ͓͍ͯ͸૯࿨ن໿Λ༻͍Δɽ
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(c)
(b)
(a)
!" #$%&'!"()*+,-!"./,-!"012(3! 0145678!"9:!"678!"#$
ਤ–2.1 ס૩ഁյաఔͷ਺ཧ໰୊ͷઃఆɽ
(a)ಁਫੑΛ΋ͭมܗ෺ମ͕ɼס૩ഁյͷաఔʹ͋Δࡍͷ໰୊ઃఆɼ
(b) ُ྾ΛؚΉഔମ಺ͷਫ෼֦ࢄʹؔ͢Δॳظ஋ڥք஋໰୊ͷઃఆɼ
(c) ਫ෼֦ࢄʹΑΔɼُ྾ΛؚΉഔମͷมܗʹؔ͢Δڥք஋໰୊ͷઃఆɽ
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2.2 ղੳతͳఆࣜԽ
౳Թ৚݅Լͷෆ๞࿨౔தʹ͓͚ΔඇఆৗྲྀΕͷਫ෼ྔ͸ Richardsࣜ 66)ʹΑͬͯදݱ͞ΕΔɽਫ෼ྔ
දهͷ Richardsࣜ͸ɼ
∂θ
∂t
= ∇ · (D(θ)∇θ) + ∂K(θ)
∂z
(2.1)
ͷΑ͏ʹ 2֊ͷඇઢܗภඍ෼ํఔࣜͰද͞ΕΔɽ͜͜Ͱ θ͸ମੵؚਫ཰ʢਫͷମੵ͕શମੵʹ઎ΊΔׂ
߹ʣɼt͸࣌ؒɼK(θ)͸ෆ๞࿨ಁਫ܎਺ɼD(θ)͸ਫ෼֦ࢄ܎਺Λද͢ɽz࣠ΛԖ௚Լ޲͖ͷ࠲ඪ࣠ͱ͢
Δͱɼӈลୈ 2߲͸ৠൃʹ൐͏Ԗ௚্ํ޲ͷਫ෼ҠಈΛ્֐͢Δॏྗ੒෼ͱͳΔɽ·ͨɼਫ෼֦ࢄ܎਺
͓Αͼෆ๞࿨ಁਫ܎਺͸ɼମੵؚਫ཰ͷ૿Ճؔ਺ͱͳΔɽ͜͜Ͱɼࢼݧମ͕ൺֱతബ͘ɼס૩աఔʹ͓
͍ͯԖ௚ํ޲ʹۃ୺ͳਫ෼෼෍ͷ܏͖͕ੜ͡ͳ͍৔߹ɼਫ෼֦ࢄ܎਺͕ମੵؚਫ཰ʹΑΒͣҰఆͱͯ͠
΋ݱ৅Λ࠶ݱ͢Δʹ͸े෼ͱߟ͑ΒΕΔɽ͞Βʹɼ͜ͷΑ͏ͳࢼݧମͰ͸ࣜ (2.1)ͷӈลୈ 2߲ͷॏྗ
੒෼ͷӨڹ͸খ͍͞ɽՃ͑ͯɼશମͷମੵؚਫ཰ͷݮগʹ൐͍ӈลୈ 1߲ͷѹྗ੒෼͕ࢧ഑తͱͳΔ͜
ͱ͔ΒɼຊݚڀͷϞσϧͰ͸ॏྗ੒෼Λແࢹ͢Δɽ͜ͷ݁ՌɼRichardsࣜ͸ Fickͷ֦ࢄํఔࣜͱಉܗ
ͷࣜʹ؆ུԽ͞ΕΔɽ
Ҏ্Λ౿·͑ɼਫʖคମࠞ߹෺Λ౳ํతͳಁਫੑΛ΋ͭۉ࣭ମ Ω (∈ R3)ͱͯ͠ϞσϧԽ͠ɼס૩ʹ
൐͏ਫʖคମࠞ߹෺಺ͷਫ෼ҠಈΛ Ω಺ͷମੵؚਫ཰ θͷ֦ࢄաఔʹΑͬͯهड़͢Δɽମੵؚਫ཰ θ͸ɼ
Ґஔ xͱ࣌ؒ tͷؔ਺Ͱ͋Δɽ͜ͷ֦ࢄաఔ͸ମੵؚਫ཰ θ(x, t)ʹର͢Δ Fickͷ֦ࢄํఔࣜ
θ˙ = D∇2θ x ∈ Ω \ ∂Ω (2.2)
ʹΑͬͯද͢͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ θ˙ ͸ ࣌ؒ tʹΑΔ θͷภඍ෼ɼD ͸ਫ෼֦ࢄ܎਺ɼ∂Ω͸ Ωͷ
֎෦ڥքͰ͋Δɽ
ਤ- 2.1 (b)ʹࣔ͢Α͏ʹɼྖҬ Ωͷ֎෦ڥք ∂Ω͸ɼNeumannڥք ∂Ωw ͱ Dirichletڥք ∂Ωθ ʹ
Αͬͯߏ੒͞Ε͍ͯΔɽ∂Ωw ্ʹ͸ৠൃʹΑΔਫ෼ϑϥοΫε͕ɼ∂Ωθ ্ʹ͸ମੵؚਫ཰͕ͦΕͧΕ
༩͑ΒΕ͍ͯΔɽ׬උੑ ∂Ω = ∂Ωw ∪ ∂Ωθ ͱഉଞੑ ∂Ωw ∩ ∂Ωθ = ∅͕ຬ଍͞ΕΔݶΓʹ͓͍ͯɼ∂Ωw
͸୯࿈݁Ͱ͋Δඞཁ͸ͳ͍ʢ∂Ωθ ʹ͍ͭͯ΋ಉ༷Ͱ͋Δʣɽ·ͨɼُ྾໘ Γ্Ͱਫ෼৔͸ෆ࿈ଓͱͳΓɼ
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ُ྾໘ Γ͸ৠൃʹΑΔਫ෼ϑϥοΫε͕༩͑ΒΕΔ಺෦ Neumannڥքͱͯ͠ѻΘΕΔɽॳظମੵؚਫ
཰෼෍ θ0(x)Λ༩͑Δ͜ͱͰɼਤ- 2.1 (b)ʹ֦ࣔͨ͠ࢄʹؔ͢Δॳظ஋ڥք஋໰୊͸ɼ
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
θ˙ = D∇2θ x ∈ Ω \ (∂Ω ∪ Γ) (2.3a)
θ(x, 0) = θ0(x) x ∈ Ω \ (∂Ω ∪ Γ) (2.3b)
θ(x, t) = θ¯(x, t) x on ∂Ωθ (2.3c)
D
∂θ
∂n
= −w¯(x, t) x on ∂Ωw (2.3d)
D
∂θ
∂n
= −v¯(x, t) x on Γ (2.3e)
ͱఆࣜԽͰ͖Δɽ͜͜Ͱɼ θ¯(x, t)͸ ∂Ωθ ্Ͱͷମੵؚਫ཰ɼ n͸ৠൃ໘ʹର͢Δ୯Ґ๏ઢϕΫτϧɼ
w¯(x, t)͸ ∂Ωw ʹ͓͚Δৠൃ଎౓ɼv¯(x, t)͸ُ྾໘ Γʹ͓͚Δৠൃ଎౓Ͱ͋Δɽ͜ͷॳظ஋ڥք஋໰୊
Λղ͘͜ͱʹΑͬͯɼྖҬ Ω಺ʹ͓͚Δਫ෼෼෍ͷ࣌ؒൃలΛಘΔ͜ͱ͕Ͱ͖Δɽ
ס૩ʹ൐͏ମੵؚਫ཰ θͷݮগʹԠͨ͡ମੵऩॖͻͣΈ εv(x, t)͸
εv(x, t) =
1
λ
ρw
ρd
{θ(x, t)− θ(x, 0)} (2.4)
ͱ༩͑ΒΕΔɽ͜͜Ͱɼρw ͸ਫͷ࣭ྔີ౓ɼρd ͸คମͷס૩ີ౓ʢคମͷ࣭ྔΛશମੵͰআͨ͠஋ʣɼ
λ͸คମͷਫ෼ऩॖ܎਺Ͱ͋Δɽ͜ͷס૩ʹΑΔମੵऩॖͻͣΈ εv ͸ɼԠྗʖͻͣΈؔ܎ʹ͓͚ΔΦϑ
ηοτͱͯ͠มܗʹؔ͢Δڥք஋໰୊ʹ૊Έࠐ·ΕΔɽ
౳ํۉ࣭ઢܗ஄ੑମ Ω͕ɼॳظ஋ڥք஋໰୊ (2.3)ʹΑͬͯهड़͞ΕΔ֦ࢄʢס૩ʣաఔʹ͋ΔͱԾ
ఆ͢Δɽס૩ʹΑΔମੵऩॖͻͣΈ εv(x, t)ʹରԠͨ͠มܗ৔͸ɼ࣍ͷํఔࣜͷ૊ʢྗͷͭΓ͍͋ࣜɼס
૩ऩॖΛؚΉߏ੒ࣜɼมҐʖͻͣΈؔ܎ʣʹΑͬͯࢧ഑͞ΕΔɽ
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
∇.σ = 0 x ∈ Ω \ ∂Ω (2.5a)
σ = c : (ε− εs) x ∈ Ω \ ∂Ω (2.5b)
ε =
1
2
(
∇u+ (∇u)T
)
x ∈ Ω \ ∂Ω. (2.5c)
͜͜Ͱɼσ͸Ԡྗςϯιϧɼ c͸஄ੑςϯιϧɼε͸શͻͣΈςϯιϧɼεs͸ס૩ऩॖͻͣΈςϯιϧɼ
u͸มҐϕΫτϧɼ(∗)T ͸ߦྻͷసஔΛද͢ɽΩ͕౳ํۉ࣭ઢܗ஄ੑମͰ͋ΔͱͷԾఆ͔Βɼס૩ऩॖ
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ͻͣΈςϯιϧ εs ͷ੒෼͸ס૩ʹΑΔମੵऩॖͻͣΈ εv ͔Βɼ
εsij =
1
3
εvδij (2.6)
ͱܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼδij ͸ KroneckerͷσϧλͰ͋Δɽࣜ (2.5b)ʹ͓͍ͯɼס૩ऩॖͻ
ͣΈ εsij ͸ମੵݮগʹ൐͏ඇ஄ੑͻͣΈͰ͋ΔͨΊɼ஄ੑͻͣΈ ε
e
ij ͸શͻͣΈ εij ͔Βס૩ऩॖͻͣΈ
εsij Λআ͘͜ͱͰಘΒΕΔɽͭ·Γɼ֦ࢄ৔ͱมܗ৔͸ɼମੵؚਫ཰ θʹରԠͨ͠ס૩ऩॖͻͣΈ ε
s
ij Λ
հͯ͠࿈੒͞ΕΔɽ
ਤ- 2.1 (c)ʹࣔ͢Α͏ʹɼྖҬΩͷ֎෦ڥք ∂Ω͸ɼNeumannڥք ∂ΩtͱDirichletڥք ∂ΩuʹΑͬ
ͯߏ੒͞Ε͍ͯΔɽ∂Ωt্ʹ͸τϥΫγϣϯϕΫτϧ͕ɼ∂Ωu্ʹ͸มҐϕΫτϧ͕ͦΕͧΕ༩͑ΒΕ
͍ͯΔɽ׬උੑ ∂Ω = ∂Ωt ∪ ∂Ωuͱഉଞੑ ∂Ωt ∩ ∂Ωu = ∅͕ຬ଍͞ΕΔݶΓʹ͓͍ͯɼ∂Ωt͸୯࿈݁Ͱ
͋Δඞཁ͸ͳ͍ʢ∂Ωuʹ͍ͭͯ΋ಉ༷Ͱ͋Δʣɽ·ͨɼُ྾໘ Γ্ͰมҐ৔͸ෆ࿈ଓͱͳΓɼُ྾໘ Γ͸
ྖҬ಺෦ͷ traction-freeͳ໘ͱͳΔɽͭ·Γɼُ྾໘ Γ͸಺෦ Neumannڥքͱͯ͠ѻΘΕΔɽਤ- 2.1
(c)ʹࣔͨ͠ɼਫ෼֦ࢄʹ൐͏มܗʹؔ͢Δڥք஋໰୊͸ɼ
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
∇.σ = 0 x ∈ Ω \ (∂Ω ∪ Γ) (2.7a)
σ = c : (ε− εs) x ∈ Ω \ (∂Ω ∪ Γ) (2.7b)
ε =
1
2
(
∇u+ (∇u)T
)
x ∈ Ω \ (∂Ω ∪ Γ) (2.7c)
u = u¯ x on ∂Ωu (2.7d)
σ.n = t¯ x on ∂Ωt (2.7e)
σ.n = 0 x on Γ (2.7f)
ͱఆࣜԽͰ͖Δɽ͜͜Ͱɼu¯͸ ∂Ωu ্ͰͷมҐڥք৚݅ɼn͸֎෦ڥք ∂Ωt ͱُ྾໘ Γͷ୯Ґ๏ઢϕ
Ϋτϧɼ t¯͸ ∂Ωtʹ༩͑ΒΕͨτϥΫγϣϯϕΫτϧͰ͋Δɽُ྾໘ Γͷܗঢ়͸ɼڥք஋໰୊ (2.7)Λ
ద੾ͳഁյن४Λ༻͍ͯղ͘͜ͱͰಘΒΕΔɽ
ס૩ഁյݱ৅ʹର͢Δ࿈੒໰୊ͷղΛಘΔͨΊʹ͸ɼॳظ஋ڥք஋໰୊ (2.3)ͱڥք஋໰୊ (2.7)͔
Β੒Δํఔࣜͷ૊Λɼద੾ͳഁյن४Λ༻͍ͯಉ࣌ʹղ͘ඞཁ͕͋Δɽ
͜͜Ͱɼ֦ࢄɾมܗɾഁյͷ࿈੒Ϟσϧͷߏ଄Λਤ- 2.2ʹࣔ͢ɽ͜ͷߏ଄͔Βɼมܗաఔͱഁյաఔ
ͷؒʹ͸௚઀త͔ͭ૒ํ޲ͷ࡞༻͕ଘࡏ͍ͯ͠Δ͜ͱ͕෼͔Δɽܗ੒͞Εُͨ྾໘ Γͷܗঢ়͸ɼُ྾໘
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ਤ–2.2 ס૩ഁյݱ৅ʹର͢Δղੳతͳ࿈੒Ϟσϧͷߏ଄ɽ
ʹ͓͚Δ traction-freeͳڥք৚݅ (2.7f)Λ௨ͯ͡ɼมܗաఔʹؔ͢Δ৔ͷม਺ʢu, ε, σʣʹӨڹΛ༩͑
͍ͯΔɽ൓ରʹɼُ྾໘ Γͷܗঢ়͸ɼద੾ͳഁյن४Λ௨ͯ͡৔ͷม਺ʢu, ε, σʣ͔Βܾఆ͞ΕΔɽ
֤෺ཧݱ৅ؒʹଘࡏ͢Δଞͷؔ܎ੑʢ֦ࢄͱมܗͷؔ܎ੑɼഁյͱ֦ࢄͷؔ܎ੑʣͰ͸ɼ૒ํ޲ͷ࡞
༻͸ͳ͘Ұํ޲ͷ࡞༻ͷΈ͕ଘࡏ͍ͯ͠Δɽࣜ (2.4)ʹࣔ͢Α͏ʹɼ֦ࢄաఔ͸ס૩ʹΑΔମੵऩॖͻ
ͣΈΛ௨ͯ͡มܗաఔʹӨڹΛ༩͑Δɽ͔͠͠ɼมܗաఔ͕֦ࢄաఔʹରͯ͠༩͑ΔӨڹ͸ߟྀ͠ͳ͍ɽ
͜Ε͸ɼס૩ऩॖͷ໰୊Ͱ͸ɼਫ෼ݮগʹىҼ͢Δඇ஄ੑͻͣΈʹରͯ͠ෆۉҰͳମੵऩॖͷ݁Ռੜ͡
Δ஄ੑͻͣΈ͕ඇৗʹখ͍ͨ͞ΊͰ͋Δɽ·ͨɼُ྾໘ Γͷܗঢ়ͷӨڹ͸ɼُ྾໘͔ΒͷৠൃΛද͢ڥ
ք৚݅ (2.3e)ʹΑͬͯɼ֦ࢄաఔʹಋೖ͞ΕΔ͕ɼ֦ࢄաఔ͔Βഁյ΁ͷ௚઀తͳӨڹ͸ͳ͍ɽ
มܗաఔͱഁյաఔͷؒʹ͸૬ޓ࡞༻ʹΑΔҰ؏ͨ͠ܨ͕Γ͕ଘࡏ͢ΔͨΊɼ྆ऀΛผʑʹѻ͏͜ͱ
͸Ͱ͖ͳ͍ɽͭ·Γɼมܗաఔͱഁյաఔ͸ڧ࿈੒໰୊ͱͯ͠ѻ͏ඞཁ͕͋ΔɽҰํͰɼ֦ࢄաఔ͸ଞ
ͷաఔͱͷؒʹҰํ޲ͷ࡞༻͔࣋ͨ͠ͳ͍ͨΊɼมܗ/ഁյաఔͱͷऑ࿈੒໰୊ͱͯ͠ɼมܗ/ഁյաఔ
ͱ͸ผʹղ͘͜ͱ͕ՄೳͰ͋Δɽ
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2.3 ཭ࢄతͳఆࣜԽ
มܗաఔͱഁյաఔ͸ผʑʹѻ͏͜ͱ͕Ͱ͖ͣɼڧ࿈੒໰୊ͱͯ͠ѻΘͳ͚Ε͹ͳΒͳ͍ɽ͜ͷڧ࿈
੒໰୊Λ਺஋ղੳͰѻ͏ʹ͸ɼมܗͱഁյͷ໰୊ΛҰ؏ͯ͠ղ͘͜ͱ͕Ͱ͖Δ਺஋ղੳख๏͕ඞཁͱͳ
Δɽͦ͜ͰɼຊݚڀͰ͸ɼมܗͱഁյͷ໰୊ͷ਺஋ղੳख๏ͱཻͯ͠ࢠ཭ࢄԽ༗ݶཁૉ๏ʢPDS-FEM:
Particle Discretization Scheme Finite Element Methodʣ61–65)Λ༻͍ΔɽPDS-FEM͸ɼ৽ͨͳࣗ༝౓
ΛՃ͑Δ͜ͱͳ͘มܗ෺ମ಺ʹൃੜ͢Δُ྾໘ʢi.e., ෆ࿈ଓͳมҐ৔ʣΛѻ͏͜ͱ͕Ͱ͖Δख๏Ͱ͋Δɽ
ຊষͰ͸ɼס૩ഁյݱ৅ʹର͢Δ࿈੒໰୊ͷ཭ࢄతͳఆࣜԽΛɼ i) ཻࢠ཭ࢄԽख๏ͷಋೖɼii) PDS-
FEMʹΑΔมܗաఔͱഁյաఔͷ཭ࢄతͳఆࣜԽɼiii) PDS-FEMʹ͓͚Δُ྾ϞσϧΛ༻͍֦ͨࢄա
ఔͷ཭ࢄతͳఆࣜԽɼiv) ס૩ഁյݱ৅ͷ཭ࢄϞσϧʹ͓͚Δُ྾໘ͷ਺ཧతղऍɼʹΑͬͯड़΂Δɽ
2.3.1 ཻࢠ཭ࢄԽख๏ͷಋೖ
ղੳྖҬ Ω ∈ R3 Λઅ఺ͷ૊ {xα|α ∈ N, 1 ≤ α ≤ N}ʹΑͬͯ཭ࢄԽ͢Δ৔߹Λߟ͑Δɽ͜ͷͱ͖ɼ
཭ࢄྖҬ Ωˆ͸ڞ໾ͳਤܗ෼ׂͷ૊Λ༻͍ͯ࣍ͷ 2௨Γͷํ๏Ͱද͢͜ͱ͕Ͱ͖Δɽ
Ωˆ =
N∑
α=1
Φα (2.8)
Ωˆ =
M∑
β=1
Ψβ . (2.9)
͜͜Ͱɼ{Φα|α ∈ N, 1 ≤ α ≤ N}ͱ {Ψβ |β ∈ N, 1 ≤ β ≤ M}͸ͦΕͧΕɼઅ఺ͷ૊ {xα}ʹରԠͨ͠
VoronoiϒϩοΫͷ૊ͱDelaunay࢛໘ମͷ૊Λද͢ɽೋ࣍ݩͷ৔߹ʹ͓͚ΔɼVoronoi෼ׂͱDelaunay
෼ׂΛਤ- 2.3ʹࣔ͢ɽೋ࣍ݩͷ৔߹ɼDelaunay෼ׂ͸ࡾ֯ܗͱͳΓɼࡾ࣍ݩͷ৔߹Ͱ͸࢛໘ମͱͳΔɽ
͜ͷڞ໾ͳਤܗ෼ׂͷ૊͸ɼ৔ͷม਺ͷۭؒతͳ཭ࢄԽʹ༻͍ΒΕΔɽ͜͜ͰɼղੳྖҬ Ωͷ֎෦ڥք
∂ΩʹରԠͨ͠཭ࢄ֎෦ڥքΛɼ∂Ωˆͱ͓͘ɽ
৔ͷม਺ͷ཭ࢄԽʹ͓͚Δجఈͱͯ͠ɼVoronoiϒϩοΫͱ Delaunay࢛໘ମ্ͰͦΕͧΕఆٛ͞Ε
ΔҎԼͷಛੑؔ਺Λಋೖ͢Δɽ
φα(x) =
⎧⎨⎩ 1 (x ∈ Φα)0 (x /∈ Φα) (2.10)
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(a) (b)
ਤ–2.3 ৔ͷม਺ͷۭؒతͳ཭ࢄԽʹ༻͍ΒΕΔڞ໾ͳਤܗ෼ׂͷ૊ʢೋ࣍ݩͷ৔߹ʣɽ
(a) Voronoi෼ׂ Φαɼ(b) Delaunay෼ׂΨβɽ
ψβ(x) =
⎧⎨⎩ 1 (x ∈ Ψβ)0 (x /∈ Ψβ) (2.11)
͜ΕΒͷجఈΛ༻͍ͯɼมҐ৔ͱͻͣΈ৔͓ΑͼԠྗ৔͸
u(x) =
N∑
α=1
uαφα(x) (2.12)
ε(x) =
M∑
β=1
εβψβ(x) (2.13)
σ(x) =
M∑
β=1
σβψβ(x) (2.14)
ͱ཭ࢄԽ͞ΕΔɽ·ͨɼ஄ੑ܎਺ c͕Ґஔ xͷؔ਺Ͱ͋Δ৔߹ʹ͸ɼ
c(x) =
M∑
β=1
cβψβ(x) (2.15)
ͱ཭ࢄԽ͞ΕΔɽ
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ࣜ (2.12)ʹ͓͚Δ uα͸ VoronoiϒϩοΫͷ฼఺ʢ༗ݶཁૉ๏Ͱ͍͏ͱ͜Ζͷઅ఺ʣʹҐஔ͢Δઅ఺
xαͷઅ఺มҐͰ͋ΔͨΊɼ཭ࢄԽ͞ΕͨมҐ৔͸ʮ߶ମཻࢠͷฒਐӡಈͷ৔ʯͱΈͳ͢͜ͱ͕Ͱ͖Δɽ
͜Ε͕ɼ͜ͷ཭ࢄԽख๏͕ʮཻࢠ཭ࢄԽख๏ʢPDS: particle discretization schemeʣʯͱݺ͹ΕΔॴҎ
Ͱ͋ΔɽPDSʹ͓͍ͯɼมҐͷۭؒඍ෼ʹؔ͢Δ෺ཧྔʢi.e., ͻͣΈͱԠྗʣ͸ɼDelaunay࢛໘ମ্
ͰฏۉԽ͞Εɼྫ͑͹ͻͣΈ৔͸
εβ =
N∑
α=1
1
2
(
Bβαuα + (Bβαuα)
T
)
(2.16)
ͱ༩͑ΒΕΔɽ͜͜ͰɼBβα ͸ ∂Φα ∩Ψβ ʹର͢Δ୯Ґ๏ઢϕΫτϧ nα Λ༻͍ͯ
Bβα =
1
Ψβ
∫
Ψβ
∇φαψβdV
=
1
Ψβ
∫
∂Ψβ
nαdS
=
1
Ψβ
∫
∂Φα∩Ψβ
nαdS (2.17)
ͱද͞ΕΔɽࣜ (2.17)தʹ͓͍ͯɼΨ΢εͷൃࢄఆཧͱVoronoiϒϩοΫͷ߶ମมҐͷੑ࣭͔Βɼ∇φα
ͷ Ψβ ্Ͱͷମੵ෼Λɼ୯Ґ๏ઢϕΫτϧ nα ͷ ∂Φα ∩Ψβ Ͱͷ໘ੵ෼ʹஔ͖׵͍͑ͯΔɽ
ࣜ (2.17)͸ɼ߶ମཻࢠͷฒਐӡಈʹର͢ΔมҐ-ͻͣΈؔ܎ͷఆٛͱΈͳ͢͜ͱ͕Ͱ͖ɼࣜ (2.17)த
ͷBβα͸ɼ࢛໘ମҰ࣍ཁૉΛ༻͍ͨ௨ৗͷ༗ݶཁૉ๏ʹ͓͚ΔඍখͻͣΈ৔ͰͷBϚτϦΫεʢมҐ-
ͻͣΈϚτϦΫεʣͷ੒෼ͱҰக͢Δɽ௨ৗͷ༗ݶཁૉ๏ʹ͓͚Δجఈؔ਺ͱ͸શ͘ҟͳΓɼޓ͍ʹॏ
ͳΓ߹Θͳ͍ෆ࿈ଓͳجఈؔ਺Λ༻͍͍ͯΔʹ΋ؔΘΒͣɼBϚτϦΫεͱBϚτϦΫε͔Βߏ੒͞Ε
Δ߶ੑϚτϦΫεͷ੒෼͕௨ৗͷ༗ݶཁૉ๏ͱҰக͢Δ͜ͱ͕ɼ͜ͷཻࢠ཭ࢄԽख๏ͷ࠷େͷಛ௃Ͱ͋
Δɽͭ·ΓɼPDS͸มܗ෺ମʹؔ͢Δ৔ͷม਺ʹରཻ͠ࢠϕʔεͷදݱΛ༩͑ͭͭɼมܗ෺ମʹର͢Δ
ڥք஋໰୊Λɼ௨ৗͷ༗ݶཁૉ๏ͱಉ͡࿈ཱํఔࣜʹؼணͤ͞Δ͜ͱΛՄೳʹ͢Δख๏Ͱ͋Δɽ
͜͜ͰɼBβα͸ɼDelaunay࢛໘ମΨβ಺ʹ͓͍ͯɼVoronoiϒϩοΫΦαͷฒਐӡಈʹΑΔมҐΪϟο
ϓͷد༩Λ଍͠߹ΘͤΔ͜ͱͰߏ੒͞Ε͍ͯΔɽͭ·Γɼࣜ (2.17)͸ɼDelaunay࢛໘ମ಺ʹ͓͚ΔมҐ
Ϊϟοϓͷد༩ͱ͍͏؍఺͔ΒɼB ϚτϦΫεͷ੒෼Λ෼ׂͨ͠΋ͷͱΈͳ͢͜ͱ͕Ͱ͖Δɽ͜ͷΑ͏
ͳ BϚτϦΫεͷ੒෼ͷ෼ղʹΑΓɼVoronoiϒϩοΫؒͷ૬ޓ࡞༻ͷ૕ࣦΛݫີʹධՁ͢Δ͜ͱ͕Մ
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ೳʹͳΔɽ͜ͷ VoronoiϒϩοΫؒͷ૬ޓ࡞༻ͷ૕ࣦʹର͢ΔݫີͳධՁ͸ɼDelaunay࢛໘ମʢFEM
ʹ͓͚Δ࢛໘ମཁૉʣͷ෦෼తͳഁյΛදݱ͢Δࡍʹ༻͍ΒΕΔɽ
2.3.2 PDS-FEMʹΑΔมܗաఔͱഁյաఔͷ཭ࢄతͳఆࣜԽ
PDS-FEMͰ͸ɼُ྾໘ͷܗ੒ՄೳྖҬ͸
N⋃
α=1
∂Φα ʹݶఆ͞Ε͍ͯΔɽ͕ͨͬͯ͠ɼਤ- 2.4ʹࣔ͢
཭ࢄԽ͞Εُͨ྾໘ Γˆ͸ɼ۠෼ Γβα = ∂Φα ∩Ψβ ͷ૊ʹΑͬͯද͢͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ཭ࢄԽ͞Ε
ُͨ྾໘ͷ۠෼ Γβα = ∂Φα ∩Ψβ ͸ɼDelaunay࢛໘ମΨβ தͷVoronoiϒϩοΫڥք ∂ΦαʹҐஔ͢Δɽ
͜ͷഁյ͞Εͨڥք Γβα ʹରԠ͢Δ Bβα ͷد༩Λ߶ੑϚτϦΫεͱ֎ྗ͔ΒऔΓআ͘͜ͱͰɼُ྾໘
Γβα Λ·͙ͨ VoronoiϒϩοΫؒͷ૬ޓ࡞༻ͷ૕ࣦΛදݱ͢Δ͜ͱ͕Ͱ͖Δɽ
มҐ u(x)ʹର͢Δڥք஋໰୊ (2.7)͸ɼҎԼͷม෼໰୊ͱ౳ՁͰ͋Δɽ
I(u(x)) =
∫
Ω
e(ε)dV +
∫
∂Ωt
t¯.u dS
Minimize I(u(x)) s.t. u(x) = u¯(x) on ∂Ωu. (2.18)
͜͜Ͱɼe(ε)͸஄ੑͻͣΈ (ε− εs)ʹରԠͨ͠ͻͣΈΤωϧΪʔີ౓Ͱ͋Δɽ͜ͷͻͣΈΤωϧΪʔີ
౓͸ɼס૩ऩॖ͕ੜ͡Δ৔ʹ͓͍ͯ
e(ε) =
1
2
(ε− εs) : c : (ε− εs) (2.19)
ͱఆٛ͞ΕΔɽ
ਤ–2.4 PDS-FEMʹ͓͚Δُ྾໘ Γˆͷྫɽ
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ࣜ (2.18)ʹཻࢠ཭ࢄԽʢPDSʣΛࢪ͢͜ͱͰɼ཭ࢄԽ͞Εͨ൚ؔ਺ Iˆ͸ɼ
Iˆ =
M∑
β=1
1
2
(
εβ − εsβ) : cβ : (εβ − εsβ)Ψβ − M∑
β=1
∫
∂Ωˆt∩Ψβ
φα t¯α.uα dS (2.20)
ͱͳΔɽ͜͜ͰɼΨβ ͸ β ൪໨ͷ Delaunay ࢛໘ମͷମੵΛද͠ɼ্෇͖ͷ β ͕෇͘ม਺͸ β ൪໨ͷ
Delaunay࢛໘ମʹ͓͚Δ෺ཧྔΛ͍ࣔͯ͠Δɽ·ͨɼt¯α ͸અ఺ʹ༩͑ΒΕͨτϥΫγϣϯͰ͋Δɽͭ
·Γɼࣜ (2.20)ʹࣔ͢Α͏ʹɼ൚ؔ਺ Iˆ͸ɼฏۉͻͣΈΤωϧΪʔີ౓ΛͦΕͧΕͷ Delaunay࢛໘ମ
্Ͱੵ෼͠ղੳྖҬશମͰ଍͠߹ΘͤΔ͜ͱʹΑͬͯɼ਺஋తʹධՁ͞ΕΔɽ
ࣜ (2.20)தͷ൚ؔ਺ Iˆ͸ɼมҐ-ͻͣΈؔ܎ࣜ (2.16)Λ༻͍Δ͜ͱͰɼมҐ uα ͷؔ਺ͱͯ͠ද͢͜
ͱ͕Ͱ͖Δɽ൚ؔ਺ IˆͷมҐ uα ʹؔ͢Δఀཹ৚݅͸ɼ
∂ Iˆ(uα)
∂uα
= 0 (2.21)
ͱͳΓɼ࠷ऴతʹҎԼͷྗͷͭΓ߹͍ࣜΛಘΔɽ
N∑
γ=1
Kαγuγ = F α. (2.22)
͜͜Ͱɼ߶ੑϚτϦΫεKαγ ͱ֎ྗϕΫτϧ F α ͸ɼ
Kαγik =
M∑
β=1
Kβe (2.23)
Kβe =
⎧⎨⎩ Bβαj cβijklBβγl Ψβ ∀α,β, γ s.t.
(
(∂Φα ∪ ∂Φγ) ∩Ψβ) /∈ Γˆ
0 ∀α,β, γ s.t. ((∂Φα ∪ ∂Φγ) ∩Ψβ) ∈ Γˆ (2.24)
F α =
M∑
β=1
fβe +
M∑
β=1
∫
∂Ωˆt∩Ψβ
φα t¯αdS (2.25)
fβe =
⎧⎨⎩ εsβ : (cβBβα)Ψβ ∀α,β s.t. (∂Φα ∩Ψβ) /∈ Γˆ0 ∀α,β s.t. (∂Φα ∩Ψβ) ∈ Γˆ (2.26)
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͔Βߏ੒͞ΕΔϚτϦΫεͱϕΫτϧͰ͋Δɽࣜ (2.23)ͱࣜ (2.24)ʹ͓͍ͯɼϚτϦΫεͱϕΫτϧ
ͷ੒෼ͷ໌֬ͳදݱͷͨΊɼఴࣈදهͱԼ෇͖จࣈʹର͢Δ૯࿨ن໿Λ༻͍ͨɽ
มܗ৔ʹؔ͢Δڥք஋໰୊ (2.7)ͷۙࣅղ͸ɼ∂Ωˆu্ͷઅ఺xαʹ༩͑ΒΕͨมҐڥք৚݅uα = u¯(xα)
ͷ΋ͱɼ཭ࢄԽ͞ΕͨྗͷͭΓ߹͍ࣜ (2.22)Λղ͘͜ͱʹΑͬͯಘΒΕΔɽྗͷͭΓ߹͍ࣜ (2.22)ͷӈ
ลͷ֎ྗϕΫτϧ F α ͸ɼס૩ऩॖͻͣΈ εsβ ʹΑΓൃੜ͢Δྗʢࣜ (2.25)ʹ͓͚Δӈลୈ 1߲ʣͱɼ
֎෦Neumannڥքʹ༩͑ΒΕͨઅ఺τϥΫγϣϯ t¯αʢࣜ (2.25)ʹ͓͚Δӈลୈ 2߲ʣʹΑͬͯߏ੒͞
Ε͍ͯΔɽ͞Βʹɼࣜ (2.25)ӈลୈ 1߲ͷৄࡉͰ͋Δࣜ (2.26)Λ෼ੳ͢Δͱɼ͜͜ʹ͸ɼۭؒඍ෼Λ
ද͢Bβα ͱס૩ऩॖͻͣΈ εsβ ͷੵؚ͕·Ε͍ͯΔ͜ͱ͕෼͔Δɽͭ·Γɼס૩ʹ൐͏ମੵऩॖͷӨ
ڹ͸ɼࣜ (2.26)ʹ͓͚Δ β൪໨ͷཁૉͷס૩ऩॖͻͣΈ εsβ ͷۭؒඍ෼ͱͯ͠ɼྗͷͭΓ߹͍ࣜ (2.22)
ʹ൓ө͞Ε͍ͯΔɽ
PDSͷ࿮૊ΈͰ͸ɼVoronoiϒϩοΫؒͷ૬ޓ࡞༻ͷ૕ࣦʹΑΓɼཁૉ߶ੑϚτϦΫεͱ֎ྗϕΫτϧ͕
θϩͱͳΔ৚͕݅બ୒͞ΕΔɽࣜ (2.24)ʹ͓͚Δཁૉ߶ੑϚτϦΫε͕θϩͱͳΔ৚݅
(
(∂Φα ∪ ∂Φγ) ∩Ψβ) ∈
Γˆ͸ɼཁૉ߶ੑϚτϦΫεͷد༩Λʢαͱ γ ʹؔͯ͠ʣରশతʹআ͘͜ͱͰɼُ྾໘ͷӨڹ͕શମ߶ੑ
ϚτϦΫεKαγ ʹಋೖ͞ΕΔ͜ͱΛҙຯ͍ͯ͠Δɽ·ͨɼࣜ (2.26)ʹ͓͚Δ β൪໨ͷཁૉͷס૩ऩॖ
ʹΑΔྗϕΫτϧ͕θϩͱͳΔ৚݅ (∂Φα ∩Ψβ) ∈ Γˆ͸ɼβ൪໨ͷཁૉͷס૩ऩॖͻͣΈ εsβ ͷد༩Λ α
൪໨ͷઅ఺ʹಇ͘અ఺ྗ͔Βআ͘͜ͱͰɼُ྾໘ͷӨڹ͕֎ྗϕΫτϧ F αʹಋೖ͞ΕΔ͜ͱΛҙຯ͠
͍ͯΔɽPDS-FEMʹ͓͍ͯɼ͜ͷΑ͏ͳཁૉ߶ੑϚτϦΫεͱྗϕΫτϧΛθϩͱ͢Δૢ࡞͸ɼഁյ
͞Εͨڥք Γβα ʹରԠ͢Δ Bβα ΛมԽͤ͞Δ͜ͱʹΑͬͯߦ͏͜ͱ͕Ͱ͖Δɽ۩ମతʹ͸ɼࣜ (2.17)
ʹ͓͍ͯɼഁյ͞Εͨ VoronoiϒϩοΫڥք Γβα = ∂Φα ∩Ψβ ʹ͓͚Δ໘ੵ෼ͷ஋Λθϩͱ͢Δɽ͜ͷ
ૢ࡞ʹΑΓɼഁյ͞Εͨڥք Γβα = ∂Φα ∩Ψβ ʹ͓͚Δ VoronoiϒϩοΫؒͷมҐΪϟοϓ͕ɼ෦෼త
ʹഁյ͞Εͨ Delaunay࢛໘ମ Ψβ ʹ͓͚ΔͻͣΈΤωϧΪʔີ౓ʹର͠د༩͠ͳ͘ͳΔɽ
·ͨɼ͜ΕΒҰ࿈ͷૢ࡞ʹ෺ཧతඳ૾Λ༩͑Δͱɼ߶ੑϚτϦΫεKαγ ͸ Voronoiཻࢠ܈Λܨ͙͹
Ͷఆ਺ͱΈͳ͢͜ͱ͕Ͱ͖ɼഁյʹ൐͏ VoronoiϒϩοΫؒͷ૬ޓ࡞༻ͷ૕ࣦ͸ Voronoiཻࢠ܈Λܨ͙
͹Ͷͷ੾அͱଊ͑Δ͜ͱ͕Ͱ͖ΔɽຊݚڀͰ͸ɼഁյ͸ɼVoronoiϒϩοΫڥք Γβα = ∂Φα ∩Ψβ ʹ͸
ͨΒ͘τϥΫγϣϯʢ௚Ԡྗʣ͕ࡐྉͷҾுڧ౓Λ௒͑ͨࡍʹى͜Δ΋ͷͱ͢Δɽຊݚڀͷղੳʹ͓͚
Δ۩ମతͳτϥΫγϣϯͷܭࢉํ๏͸ɼA.3ʹࣔ͢ɽ
Ҏ্͕ɼPDS-FEMʹ͓͍ͯɼݻମ࿈ଓମʹ͓͚Δมܗͱഁյͷ໰୊ͷҰ؏ͨ͠ղੳ͕ՄೳͱͳΔཧ
༝Ͱ͋Δɽ
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2.3.3 PDS-FEMʹ͓͚Δُ྾ϞσϧΛ༻͍֦ͨࢄաఔͷ཭ࢄతͳఆࣜԽ
ಁਫੑͷ͋Δ෺ମ಺ͷ֦ࢄաఔʹରͯ͠༩͑ΒΕΔॳظ஋ڥք஋໰୊ (2.3)ʹ͓͍ͯɼղੳྖҬ ΩΛɼ
અ఺ͷ૊ {xα}ͱDelaunay࢛໘ମͷ૊ {Ψβ}ʹΑۭͬͯؒతʹ཭ࢄԽ͢Δɽ͜͜Ͱɼઅ఺ͷ૊ {xα}ͱ
Delaunay࢛໘ମͷ૊ {Ψβ}ͷ഑ஔ͸ɼมܗͱഁյͷ໰୊ʹର͢Δ PDS-FEMͱಉ༷Ͱ͋Δͱ͢Δɽ
มܗͱഁյͷ໰୊ʹର͢Δ PDS-FEMͰ͸ɼُ྾໘ Γ͸ਤ- 2.4ʹࣔ͢Α͏ʹɼVoronoiϒϩοΫͷ
ڥք্Ͱͱͯ͠ఆٛ͞Ε͓ͯΓɼtraction-freeͳُ྾໘ Γˆ্ʹ͸અ఺͕ଘࡏ͠ͳ͍ɽͭ·Γɼมܗͱഁ
յͷ໰୊ʹର͢Δ PDS-FEMͰ͸ُ྾໘͕ blunt crackͱͯ͠ϞσϧԽ͞Ε͍ͯΔɽਤ- 2.5ʹɼblunt
crack͓Αͼ blunt crackͷڥք໘ Γ′Λࣔ͢ɽBlunt crackͷڥք໘ Γ′͸෦෼తʹഁյͨ͠Delaunay࢛
໘ମͱഁյ͍ͯ͠ͳ͍ Delaunay࢛໘ମͱͷڥքͰ͋Δɽ
PDS-FEMʹ͓͚Δ͜ͷُ྾ϞσϧΛ֦ࢄͷ໰୊ʹ΋ద༻͢Δͱɼُ྾໘ Γ্Ͱͷਫ෼৔ͷෆ࿈ଓੑ
͓Αͼُ྾໘ Γ͔ΒͷৠൃʹΑΔਫ෼ϑϥοΫε v¯Λ༩͑Δ Neumannڥք৚݅ (2.3e)͸ɼ཭ࢄܗࣜʹ
͓͍ͯɼi) ෦෼తʹഁյ͞Εͨཁૉʹ͓͚ΔҟํੑΛ΋֦ͭࢄ܎਺ɼii) ُ྾໘ʹྡ઀͢Δઅ఺ʹ༩͑Β
ΕΔਫ෼ϑϥοΫεɼʹΑͬͯදݱ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼʮ෦෼తʹഁյ͞Εͨཁૉʹ͓͚Δҟํ
ੑΛ΋֦ͭࢄ܎਺ʯ͸ਤ- 2.6 (a)ʹࣔ͢Α͏ʹɼ཭ࢄԽ͞Εُͨ྾໘ Γˆ ʹ௚ަ͢Δํ޲ͷਫ෼ϑϥοΫ
εΛআڈ͢ΔΑ͏ʹ༩͑ΒΕΔɽ·ͨɼʮُ྾໘ʹྡ઀͢Δઅ఺ʹ༩͑ΒΕΔਫ෼ϑϥοΫεʯ͸ਤ- 2.6
(b)ʹࣔ͢Α͏ʹɼ෦෼తʹഁյͨ͠Delaunay࢛໘ମͱഁյ͍ͯ͠ͳ͍Delaunay࢛໘ମͱͷڥքʢΓ′ʣ
্ʹҐஔ͢Δઅ఺ʹ༩͑ΒΕͨৠൃʹΑΔਫ෼ϑϥοΫε v¯Ͱ͋Δɽ
ਤ–2.5 มܗ෺ମʹ͓͚Δมܗͱഁյͷ໰୊ʹର͢Δ PDS-FEMͷُ྾Ϟσϧɽ؆୯ͷͨΊʹ
ೋ࣍ݩͷ৔߹ʹ͓͚Δُ྾ϞσϧΛࣔ͢ɽփ৭ͷΤϦΞ͕ blunt crackΛද͠ɼ੨ઢ͕
blunt crackͷڥք໘ Γ′Λද͢ɽ
19
(a)
(b)
ਤ–2.6 ෦෼తʹഁյͨ͠ಁਫੑ෺ମ಺ͷ֦ࢄͷ໰୊ʹର͢Δُ྾Ϟσϧɽ
(a) ཭ࢄԽ͞Εُͨ྾໘ Γˆ ʹ௚ަ͢Δํ޲ͷਫ෼ϑϥοΫεͷআڈɼ (b) Γ′্ʹҐஔ
͢Δઅ఺ʹ༩͑ΒΕͨৠൃʹΑΔਫ෼ϑϥοΫε v¯ɽ
཭ࢄԽ͞Εُͨ྾໘ Γˆʹ௚ަ͢Δํ޲ͷਫ෼ϑϥοΫεΛআڈ͢ΔΑ͏ͳ֦ࢄ܎਺͸ɼҎԼͷΑ͏ʹ
ఆٛ͞ΕΔɽ
ਤ- 2.7ʹࣔ͢ਖ਼ن௚ަ࠲ඪܥ {ei}্ͰͷμϧγʔଇΛਫ෼ྔදهͰهड़͢Δͱ
J = −D∇θ (2.27)
ͱͳΔɽ͜͜ͰɼJ ͸ {ei}࠲ඪܥ্Ͱͷਫ෼ϑϥοΫεϕΫτϧͰ͋Δɽ཭ࢄԽ͞Εُͨ྾໘ Γˆʹର͠
e′3͕௚ަ͢ΔΑ͏ͳਖ਼ن௚ަ࠲ඪܥ {e′i}Λಋೖ͢ΔɽJ ͷɼ཭ࢄԽ͞Εُͨ྾໘ Γˆ΁ͷࣹӨʢJcͱ͓
͘ʣ͸ɼ{ei}࠲ඪܥ্Ͱ
Jc = T TPTJ (2.28)
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crack surface 
(No flux)
ਤ–2.7 ཭ࢄԽ͞Εُͨ྾໘ Γˆʹର͠ e′3͕௚ަ͢Δਖ਼ن௚ަ࠲ඪܥɽ
ͱද͞ΕΔɽ͜͜ͰɼT ͸ఴࣈදهͰ
Tij = e
′
i · ej (2.29)
ͱද͞ΕΔ࠲ඪม׵ߦྻͰ͋Δɽ·ͨɼP ͸ Γˆʹ௚ަ͢Δਫ෼ϑϥοΫεΛআͨ͘ΊͷࣹӨߦྻͰ͋Γɼ
ͦͷ੒෼͸ɼ
Pij =
⎧⎨⎩ 1 if i = j = 1, 20 otherwise (2.30)
ͱͳΔɽ෦෼తʹഁյͨ͠ཁૉ಺ʹ͓͍ͯɼJ Λ Jcʹஔ͖׵͑Δ͜ͱ͸ɼ֦ࢄ܎਺DΛʢ཭ࢄԽ͞Ε
ُͨ྾໘ ΓˆΛ௨ա͢ΔྲྀΕΛআ͘Α͏ͳʣҟํੑΛ΋ͬͨཁૉ֦ࢄ܎਺ϚτϦΫε (T TPT )Dʹஔ͖
׵͑Δ͜ͱͱಉٛͰ͋Δɽ
Ҏ্ͷُ྾໘ͷऔΓѻ͍Λ౿·͑ɼ֦ࢄͷ໰୊ʹؔ͢Δॳظ஋ڥք஋໰୊ (2.3)Λɼઅ఺ͷ૊ {xα}ͱ
Delaunay࢛໘ମͷ૊ {Ψβ}ʹΑۭͬͯؒతʹ཭ࢄԽ͠ɼ཭ࢄԽ͞Εُͨ྾໘ Γˆʹ௚ަ͢ΔྲྀΕΛআ͘
ͨΊͷҟํੑΛ΋֦ͬͨࢄ܎਺Λɼ෦෼తʹഁյ͞Ε࢛ͨ໘ମཁૉʹಋೖ͢Δɽ͜ΕʹΑΓɼॳظ஋ڥ
ք஋໰୊ (2.3)ͷ཭ࢄܗࣜ͸ɼ࢛໘ମҰ࣍ཁૉʹ͓͚Δܗঢ়ؔ਺NβαΛ༻͍ͯҎԼͷΑ͏ʹද͢͜ͱ͕
Ͱ͖Δɽ
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⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
N∑
γ=1
(
Mαγ θ˙γ +Aαγθγ
)
= −
N∑
γ=1
(W αγw¯γ + V αγ v¯γ) (2.31a)
θα(0) = θ0(x
α) (2.31b)
θα(t) = θ¯(xα, t) xα on ∂Ωˆθ. (2.31c)
͜͜Ͱɼw¯α(t) = w¯(xα, t)ɼv¯α(t) = v¯(xα, t)Ͱ͋Γɼ֤ϚτϦΫε͸ҎԼͷΑ͏ʹߏ੒͞ΕΔɽ
Mαγ =
M∑
β=1
∫
Ψβ
(Nβα)
T
Nβγ dV (2.32)
Aαγ =
M∑
β=1
Aβe (2.33)
Aβe =
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
Dβ
∫
Ψβ
(∇Nβα)T∇Nβγ dV ∀α,β, γ s.t. ((∂Φα ∪ ∂Φγ) ∩Ψβ) /∈ Γˆ
Dβ
∫
Ψβ
(∇Nβα)T (T TPT )β∇Nβγ dV ∀α,β, γ s.t. ((∂Φα ∪ ∂Φγ) ∩Ψβ) ∈ Γˆ
(2.34)
W αγ =
M∑
β=1
∫
∂Ωˆw∩Ψβ
(Nβα)
T
Nβγ dS (2.35)
V αγ =
M∑
β=1
∫
Γ′∩Ψβ
(Nβα)
T
Nβγ dS. (2.36)
͜ΕΛղ͘͜ͱʹΑͬͯɼ֤અ఺ʹ͓͚Δମੵؚਫ཰ θα(t) = θ(xα, t)ͷ࣌ؒൃలΛಘΔ͜ͱ͕Ͱ͖Δɽ
ॳظ஋ڥք஋໰୊ (2.31)Λղ͘͜ͱͰಘΒΕΔઅ఺Ͱͷମੵؚਫ཰ θα(t)ͷมԽ͔Βɼβ ൪໨ͷ De-
launay࢛໘ମͷס૩ʹΑΔମੵऩॖͻͣΈ εvβ ͸
εvβ =
1
Ψβ
∫
Ψβ
N∑
α=1
Nβα(x)
{
1
λ
ρw
ρd
(θα(t)− θα(0))
}
dV
=
N∑
α=1
Nβα(x¯β)
{
1
λ
ρw
ρd
(θα(t)− θα(0))
}
(2.37)
ͱධՁ͞ΕΔɽ͜͜Ͱɼx¯β ͸ɼβ൪໨ͷDelaunay࢛໘ମͷॏ৺࠲ඪͰ͋Δɽ͕ͨͬͯ͠ɼࣜ (2.25)த
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ʹݱΕΔ β ൪໨ͷ Delaunay࢛໘ମͷס૩ऩॖͻͣΈ εsβ ͷ۩ମܗ͸
εsβij =
1
3
εvβδij (2.38)
ͱͳΔɽ
2.3.4 ס૩ഁյݱ৅ͷ཭ࢄϞσϧʹ͓͚Δُ྾໘ͷ਺ཧతղऍ
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ਤ–2.8 ס૩ഁյݱ৅ʹର͢Δ཭ࢄϞσϧͷߏ଄ɽ
ס૩ഁյݱ৅ͷ཭ࢄϞσϧͷߏ଄Λਤ- 2.8ʹࣔ͢ɽ֦ࢄ͓Αͼมܗͷ໰୊ʹؔ͢ΔղੳతͳఆࣜԽͰ
͸ɼُ྾໘ Γ͸಺෦ Neumannڥքͱͯ͠ѻΘΕɼُ྾໘ Γ্Ͱ৔͸ෆ࿈ଓͱͳ͍ͬͯͨɽ
ҰํͰɼ಺෦ʹُ྾໘ ΓΛؚΉྖҬશମΛۭؒతʹ཭ࢄԽͨ͠৔߹ɼُ྾໘ Γͱ͍͏ෆ࿈ଓ໘্ʹ༩
͑ΒΕͨ Neumannڥք৚݅Λදݱ͢ΔͨΊʹ͸ɼʮُ྾໘্Ͱͷෆ࿈ଓੑͷදݱʯͱʮُ྾໘্ʹ༩͑
ΒΕͨ Neumannڥք৚݅ͷಋೖʯͱ͍͏ 2ͭͷૢ࡞͕ඞཁͱͳΔɽ཭ࢄ৔ʹ͓͍ͯɼ಺෦ Neumann
ڥքʢُ྾໘ Γʣ͸۠෼ Γβαͷ૊Ͱද͞ΕΔ Γˆͱͯ͠ϞσϧԽ͞ΕΔɽʮُ྾໘্Ͱͷෆ࿈ଓੑʯ͸ɼ֦
ࢄͷ໰୊Ͱ͸ɼ཭ࢄԽ͞Εُͨ྾໘ ΓˆΛ·͙ͨਫ෼ϑϥοΫε͕ͳ͘ͳΔͱ͍͏ಁਫੑͷ૕ࣦʹͭͳ͕
Γɼมܗͷ໰୊Ͱ͸ɼ཭ࢄԽ͞Εُͨ྾໘ ΓˆΛ·͙ͨ VoronoiϒϩοΫؒͷ૬ޓ࡞༻͕ͳ͘ͳΔͱ͍͏
ྗֶత૬ޓ࡞༻ͷ૕ࣦʹͭͳ͕Δɽ͜ͷಁਫੑͷ૕ࣦͱྗֶత૬ޓ࡞༻ͷ૕ࣦ͸ɼͦΕͧΕɼ෦෼తʹ
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ഁյͨ͠ཁૉͷཁૉ֦ࢄ܎਺ϚτϦΫεͷมԽ
Dβ(T TPT )
β ∀α,β, γ s.t. ((∂Φα ∪ ∂Φγ) ∩Ψβ) ∈ Γˆ
ͱɼ෦෼తʹഁյͨ͠ཁૉͷཁૉ߶ੑϚτϦΫεͷมԽ
Kβe = 0 ∀α,β, γ s.t.
(
(∂Φα ∪ ∂Φγ) ∩Ψβ) ∈ Γˆ
ʹΑͬͯද͞ΕΔɽ·ͨɼ཭ࢄ৔Ͱ͸ɼُ྾໘ Γˆ͸ُ྾໘্ʹઅ఺͕ଘࡏ͠ͳ͍ blunt crackͱͯ͠Ϟ
σϧԽ͞Ε͍ͯΔ͜ͱ͔Βɼʮُ྾໘্ʹ༩͑ΒΕͨ Neumannڥք৚݅ʯ͸ɼُ྾໘ Γˆ͔Β൒ཁૉ෼ͣ
Εͨ Γ′ʢ෦෼తʹഁյͨ͠ Delaunay࢛໘ମͱഁյ͍ͯ͠ͳ͍ Delaunay࢛໘ମͱͷڥքʣ্ʹҐஔ͢
Δઅ఺ʹ༩͑ΒΕΔɽُ྾໘্ʹ༩͑ΒΕͨ Neumannڥք৚݅͸ɼ֦ࢄͷ໰୊Ͱ͸ُ྾໘͔Βͷৠൃ
ʹΑΔਫ෼ϑϥοΫε v¯Λද͠ɼมܗͷ໰୊Ͱ͸ʢຊ࿦จͰ͸ѻΘͳ͍͕ʣຎࡲྗͳͲΛද͢ɽ
ਤ- 2.8ʹࣔ͢Α͏ʹɼ֦ࢄͷ໰୊ͱมܗͷ໰୊͕ѻ͏৔͸ҟͳΔʢ֦ࢄͷ໰୊͸εΧϥʔ৔ɼมܗͷ
໰୊͸ϕΫτϧ৔ʣʹ΋ؔΘΒͣɼͲͪΒͷ໰୊ʹ͓͍ͯ΋ُ྾໘্Ͱͷෆ࿈ଓੑ͸ϚτϦΫεͷมԽ
ʹΑͬͯද͞Εɼُ྾໘্ʹ༩͑ΒΕͨNeumannڥք৚݅͸ُ྾໘ Γˆ͔Β൒ཁૉ෼ͣΕͨ Γ′্ͷઅ఺
ʹ༩͑ΒΕΔɽͭ·Γɼ֦ࢄͷ໰୊ͱมܗͷ໰୊ʹ͓͚Δُ྾໘ͷ਺ཧతͳऔѻ͍ʹ͸ɼҰ؏ੑɾ੔߹
ੑ͕͋Δͱ͍͑Δɽ
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ୈ3ষ ਺஋ղੳख๏
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ਤ–3.1 ղੳख๏ͷ੾Γ෼͚ɽ
2.2અͰड़΂ͨΑ͏ʹɼਤ- 2.2ʹࣔ͢࿈੒Ϟσϧͷߏ଄ʹ͓͍ͯɼ௚઀త͔ͭ૒ํ޲ͷ࡞༻͕ଘࡏ͢
Δมܗաఔͱഁյաఔ͸ڧ࿈੒ղੳΛߦ͏ඞཁ͕͋Δ͕ɼଞͷաఔͱͷؒʹҰํ޲ͷ࡞༻͔͠ͳ͍֦ࢄ
աఔ͸ɼมܗ/ഁյաఔͱ͸ผʹղ͘͜ͱ͕Ͱ͖ΔɽຊݚڀͰ͸ɼ֦ࢄաఔ͸࢛໘ମҰ࣍ཁૉΛ༻͍ͨ௨
ৗͷ༗ݶཁૉ๏ʹΑͬͯղ͖ɼมܗ/ഁյաఔ͸ PDS-FEMʹΑͬͯղ͘ɽ֦ࢄͷ༗ݶཁૉղੳͱมܗ/
ഁյͷ PDS-FEMղੳΛऑ࿈੒ͤ͞Δ͜ͱͰɼ֦ࢄɾมܗɾഁյͷ࿈੒ղੳΛߦ͏ʢਤ- 3.1ʣɽס૩ഁ
յݱ৅ʹ͓͚Δਫ෼֦ࢄͱഁյ͸ޓ͍ʹ࣌ؒεέʔϧ͕େ͖͘ҟͳΔ෺ཧݱ৅Ͱ͋Δ͜ͱ͔Β΋ɼ྆ա
ఔΛݫີʹ࿈ཱͯ͠ղ͘ඞཁ͸ͳ͘ɼྗͷൃੜ΍ਫ෼Ҡಈͱ͍ͬͨ෺ཧྖҬʹ͍ͭͯ͸࿈ཱ͠ͳ͕Β࣌
ؒྖҬʹ͍ͭͯ͸ަޓʹܭࢉΛߦ͏ऑ࿈੒ղੳ͕ଥ౰Ͱ͋Δ͜ͱ͕෼͔Δɽ
͜ͷͱ͖ɼ֦ࢄͷ༗ݶཁૉղੳͱมܗ/ഁյͷ PDS-FEMղੳͰ͸ಉ࢛͡໘ମϝογϡΛ༻͍Δɽͭ
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·Γɼ༗ݶཁૉղੳͷ࢛໘ମཁૉͱɼPDS-FEMղੳʹ͓͚Δ Delaunay࢛໘ମͷܗঢ়ͱ഑ஔ͸Ұக͠
͍ͯΔɽ
ղੳର৅͸ಁਫੑͷ͋Δ౳ํۉ࣭ઢܗ஄ੑମͰ͋ΔͱԾఆ͠ɼਫ෼෼෍ͱԠྗ෼෍ͷ࣌ؒൃలΛɼ࣌
ؒεςοϓ∆t =0.1 hͰܭࢉͨ͠ɽͨͩ͠ɼُ྾ൃੜޙɼُ྾ઌ୺ͰͷԠྗ৔͕େ͖͘มԽ͢ΔͨΊɼશ
ཁૉத࠷େͷτϥΫγϣϯ͕Ҿுڧ౓ͷ 97%Ҏ্ͷ৔߹ʹ͸ɼ࣍ͷ࣌ؒεςοϓΛ∆t =0.01 hͱখ͞
ͨ͘͠ɽ֤ཁૉʹ͓͚ΔτϥΫγϣϯͷ۩ମతͳܭࢉํ๏͓Αͼഁյͷ൑ఆํ๏͸ɼA.2ͱ A.3ʹࣔ͢ɽ
ਫ෼ҠಈΛද͢ॳظ஋ڥք஋໰୊ (2.31)ͷ࣌ؒൃలͷղ๏ʹ͸׬શӄղ๏ʢޙୀ Euler๏ʣΛ༻͍ͨɽ
มܗͱഁյͷ໰୊ʹର͢Δ PDS-FEMʹΑΔڧ࿈੒ղੳͰ͸ɼ֤࣌ؒεςοϓͷதͰɼ࣌ؒεςοϓΛ
ݻఆ͠ͳ͕Β 1ͭͣͭཁૉΛഁյ͠ɼͦͷ౎౓ɼ੩తͭΓ߹͍ঢ়ଶΛ֬อ͢Δɼ४੩తഁյਐలղੳΛ
ߦͬͨɽഁյ৚݅Λຬͨ͢ཁૉ͕ແ͘ͳΕ͹࣍ͷ࣌ؒεςοϓʹਐΉɽ࣮ݧͷࡍͷయܕతͳُ྾ਐలͷ
ฏۉ଎౓͸͔͔ͨͩ 1[cm/h]ఔ౓Ͱ͋Γɼ४੩తͳഁյਐలղੳͷద༻͸ଥ౰Ͱ͋Δͱ͍͑Δɽ·ͨɼ
͍ͣΕͷղੳʹ͓͍ͯ΋ɼڥք໘ ∂Ωw ͓Αͼُ྾໘ Γ͔ΒͷৠൃʹΑΔਫ෼ϑϥοΫε w¯ͱ v¯͸ମੵ
ؚਫ཰ θʹґΒͣҰఆͱͨ͠ɽ͞Βʹɼղੳͷ։࢝࣌఺Ͱࢼݧମશମ͸๞࿨͍ͯ͠Δͱ͠ɼॳظମੵؚ
ਫ཰ͷ෼෍͸ղੳྖҬ಺ͰҰ༷ͱͨ͠ɽ
ਤ- 3.2 ʹղੳͷϑϩʔνϟʔτΛࣔ͢ɽ
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ਤ–3.2 ղੳͷϑϩʔνϟʔτɽ
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ୈ4ষ ฏߦُ྾ύλʔϯͷ࠶ݱ
4.1 ղੳ৚݅
Peron et al. (2009b)20)΍ Nahlawi and Kodikara (2006)16)͸ɼബ͘ࡉ௕͍ܗঢ়ͷਫʖγϧτࠞ߹෺
ʹಛఆͷڥք৚݅Λ༩͑ͯס૩ͤ͞Δͱɼࢼݧମ্໘ͰҰ࣍ݩతͳฏߦُ྾ύλʔϯ͕؍࡯͞ΕΔ͜ͱ
Λࣔͨ͠ɽ͜ͷͱ͖ɼશͯͷُ྾͸ࢼݧମͷ௕ลʹରͯ͠ਨ௚ͳ޲͖ʹਐల͢Δͱͱ΋ʹɼԖ௚ͳُ྾
໘Λܗ੒͢Δɽ·ͨɼࢼݧମ্໘ʹ͓͍ͯɼُ྾͓ΑͼࢼݧମͷڥքʹΑͬͯғ·Εͨ௕ํܗྖҬΛʮס
૩ُ྾ʹΑͬͯܗ੒͞ΕΔଟ֯ܗηϧʯͱΈͳ͢ͱɼ৽ͨͳُ྾͸طʹܗ੒͞Ε͍ͯΔηϧΛ෼ׂ͢Δ
Α͏ʹൃੜ͢Δɽͭ·Γɼُ྾ύλʔϯ͸Ұ౓ʹ͸ܗ੒͞Εͣɼηϧͷ֊૚తͳ෼ׂաఔʹΑͬͯܗ੒
͞ΕΔɽ
Peron et al.(2009b)20)ͷ࣮ݧͰ͸੒ܗͨ͠ࢼݧମΛج൫্ʹஔ͘ͷΈͰɼଆ໘͸ғΘΕ͍ͯͳ͍ɽ·ͨɼ
ج൫ʹ੾ΓࠐΈΛೖΕΔ͜ͱͰఈ໘ͷ௕ลํ޲ͷऩॖͷΈ߆ଋ͍ͯ͠ΔɽҰํɼNahlawi and Kodikara
(2006)16) ͷ࣮ݧͰ͸ࡉ௕͍༰ثʹਫ-γϧτࠞ߹෺ΛೖΕɼఈ໘͸༰ثͱࢼݧମͷ༊ணʹΑΓɼ௕ลํ
޲ɼ୹ลํ޲ڞʹऩॖΛ߆ଋ͍ͯ͠Δ͕ɼଆ໘ʹ͍ͭͯ͸׈Β͔ʹ͢Δ͜ͱͰ߆ଋΛऑ͍ͯ͘͠ΔɽͲ
ͪΒͷ࣮ݧʹ͓͍ͯ΋ɼُ྾ύλʔϯͷಛ௃͸Ұக͢Δ͕ɼຊݚڀͰ͸ Peron et al. (2009b)20)ͷס૩
࣮ݧʹج͖ͮਤ- 4.1ͷΑ͏ʹղੳྖҬ Ωͷܗঢ়ͱڥք৚݅Λઃఆͨ͠ɽ۩ମతʹ͸ɼ
ఈ໘ʹ͋Δઅ఺͸ zํ޲ͱ xํ޲ͷมҐͷΈ߆ଋ
ଆ໘ʹ͋Δઅ఺ͷมҐ͸߆ଋ͠ͳ͍
্໘ͱଆ໘͔Βৠൃ͕ى͜Δʢُ྾ൃੜޙ͸ُ྾໘͔Β΋ৠൃ͢Δʣ
ͱͳΔɽ
͜͜Ͱɼࢼݧମͷఈ໘Λ ∂Ω(1)ɼଆ໘ͱ্໘Λ ∂Ω(2)ͱ͢Δͱɼ׬උੑ ∂Ω = ∂Ω(1) ∪ ∂Ω(2)ͱഉଞੑ
∂Ω(1) ∩ ∂Ω(2) = ∅͕੒Γཱͭɽ͜ͷͱ͖ɼ֦ࢄʹؔ͢Δॳظ஋ڥք஋໰୊ (2.3)ʹ͓͚ΔDirichletڥք
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∂Ωθ ͱ Neumannڥք ∂Ωw ʹ͸ɼ∂Ωw = ∂Ω(1) ∪ ∂Ω(2) ͱ ∂Ωθ = ∅͕੒Γཱͪɼมܗʹؔ͢Δڥք஋
໰୊ (2.7)ʹ͓͚Δ Dirichletڥք ∂Ωu ͱ Neumannڥք ∂Ωt ʹ͸ɼ∂Ωu = ∂Ω(1) ͱ ∂Ωt = ∂Ω(2) ͕੒
Γཱͭɽx = (0, 0, 0)ͷ఺Λ Oͱ͢ΔͱɼPeron et al. (2009b)20) ʹΑΔס૩ഁյ࣮ݧʹ͓͚Δُ྾ύ
λʔϯ͸ɼҎԼʹ֦ࣔ͢ࢄʹؔ͢Δॳظ஋ڥք஋໰୊ (4.1)ͱมܗʹؔ͢Δڥք஋໰୊ (4.2)ͷ࿈੒໰୊
Λղ͘͜ͱʹΑͬͯಘΒΕΔɽ
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
θ˙ = D∇2θ x ∈ Ω \ (∂Ω ∪ Γ) (4.1a)
θ(x, 0) = θ0(x) x ∈ Ω \ (∂Ω ∪ Γ) (4.1b)
D
∂θ
∂n
= 0 x on ∂Ω(1) (4.1c)
D
∂θ
∂n
= −w¯(x, t) x on ∂Ω(2) (4.1d)
D
∂θ
∂n
= −v¯(x, t) x on Γ (4.1e)
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
∇.σ = 0 x ∈ Ω \ (∂Ω ∪ Γ) (4.2a)
σ = c : (ε− εs) x ∈ Ω \ (∂Ω ∪ Γ) (4.2b)
ε =
1
2
(
∇u+ (∇u)T
)
x ∈ Ω \ (∂Ω ∪ Γ) (4.2c)
u = u¯ x on ∂Ω(1) \O (4.2d)
u = 0 x on O (4.2e)
σ.n = 0 x on (∂Ω(2) ∪ Γ) (4.2f)
͜͜ͰɼมҐڥք৚݅ u¯͸ɼu1 = u3 = 0Ͱ͋Δɽ
·ͨɼղੳʹ༻͍Δύϥϝʔλ͸ Peron et al. (2009b)20)ͷ࣮ݧ஋Λࢀߟʹɼද- 4.1ͷΑ͏ʹܾఆ͠
ͨɽُ྾ͷ։ޱ෯͸খ͍ͨ͞Ίɼُ྾໘͔Βͷৠൃ଎౓͸ࢼݧମͱ֎ؾͷڥք໘͔Βͷৠൃʹൺ΂஗͍
ͱߟ͑ΒΕΔ͜ͱ͔Βɼُ྾໘͔Βͷৠൃ଎౓͸ڥք໘͔Βͷৠൃ଎౓ͷ 50%ͱͨ͠ɽҎ্ͷύϥϝʔ
λઃఆʹՃ͑ɼਤ- 4.1ͷղੳϞσϧʹ͍ͭͯɼཁૉ਺ 56,597ɼઅ఺਺ 11,822ͷ࢛໘ମඇߏ଄ϝογϡ
ʹΑΔ༗ݶཁૉϞσϧΛ࡞੒͠ 67–69)ɼղੳΛߦͬͨɽ
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ද–4.1 ฏߦُ྾ύλʔϯͷ਺஋ղੳʹ͓͚Δύϥϝʔλ
คମס૩ີ౓ ρd 2.77× 103 kg/m3
ਫີ౓ ρw 1.0× 103 kg/m3
ॳظମੵؚਫ཰ θ0 0.721
ُ྾ਐలऴྃ࣌ମੵؚਫ཰ θfin 0.324
ڥք໘ͷৠൃ଎౓ w¯ 2.0× 10−4m/h
ُ྾໘ͷৠൃ଎౓ v¯ 1.0× 10−4m/h
ਫ෼ऩॖ܎਺ λ 0.64
ਫ෼֦ࢄ܎਺ D 3.6× 10−6m2/h
ϙΞιϯൺ ν 0.3
Ϡϯά཰ E 5.0MPa
Ҿுڧ౓ tc 0.45MPa
!"#$%&#'(%)
ਤ–4.1 ฏߦُ྾ύλʔϯͷ਺஋ղੳʹ͓͚ΔղੳϞσϧͱڥք৚݅ɽ
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4.2 ղੳ݁Ռ
ഁյ͸ৠൃ։࢝ޙ 15.37 hͰൃੜ͠ɼ25.13 hʹ͸ُ྾ਐలऴྃ࣌ͷମੵؚਫ཰ͱͳͬͨɽ0.01 hʢશ
ཁૉத࠷େͷτϥΫγϣϯ͕Ҿுڧ౓ͷ 97%ΑΓখ͍͞৔߹ʹ͸ 0.1 hʣ͝ͱͷฏۉମੵؚਫ཰ θavgͷ
มԽΛਤ- 4.2ʹɼ࠷ऴతͳُ྾ύλʔϯͷࡾ࣍ݩతͳ༷ࢠΛਤ- 4.3ʹɼ্໘ͷ࠷ऴతͳُ྾ύλʔϯ
Λਤ- 4.4ʹͦΕͧΕࣔ͢ɽਤ- 4.2ͷΑ͏ʹס૩։͔࢝࣌Βُ྾ਐలऴྃ࣌ͷମੵؚਫ཰ʹͳΔ·Ͱͷ
ؒɼฏۉମੵؚਫ཰͸΄΅Ұఆͷׂ߹Ͱݮগͨ͠ɽਤ- 4.3͓Αͼਤ- 4.4͔Βɼ࣮ݧ݁Ռͱಉ༷ɼ௕ล
ํ޲ʹਨ௚Ͱޓ͍ʹฏߦͳُ྾͕ෳ਺ൃੜ͠ɼُ྾͸ࢼݧମఈ໘·Ͱ౸ୡ͢Δ͜ͱͰɼԖ௚ͳُ྾໘Λ
ܗ੒͍ͯ͠Δ͜ͱ͕෼͔Δɽ
Peron et al. (2009b)20)΍ Nahlawi and Kodikara (2006)16)͸ُ྾ύλʔϯͷఆྔతͳධՁࢦඪͱ͠
ُͯ྾ຊ਺͓Αͼُ྾ִؒΛ༻͍͍ͯΔɽ͜ͷࢦඪʹج͖ͮɼຊݚڀͷղੳ݁ՌͷݕূΛߦͬͨͱ͜Ζɼ
ਤ- 4.4ʹࣔ͢ղੳ݁ՌͰ͸ɼُ྾ຊ਺ʢ୹ลͷ൒෼Ҏ্ͷ௕͞·Ͱਐల͍ͯ͠Δُ྾ͷຊ਺ʣ͸ 8ຊͰ
͋ΓɼಘΒΕͨ 9ݸͷُ྾ಉ࢜ͷִؒ͸ 15mm͔Β 55mmͰ͋ͬͨɽҰํɼPeron et al. (2009b)20)
ͷ࣮ݧͰ؍࡯͞Εͨ 17ݸͷࢼݧମʹ͓͚Δُ྾ຊ਺͸ 6ຊ͔Β 8ຊͰ͋Δɽ·ͨɼُ྾ಉ࢜ͷִؒ͸
0mm͔Β 90mmͰ͋Γɼଟ͘͸ 20mm͔Β 60mmͷؒʹ෼෍͍ͯ͠Δ 20)ɽ͕ͨͬͯ͠ɼਤ- 4.4ʹ
ࣔ͢ղੳ݁Ռͷُ྾ຊ਺ͱُ྾ִؒ͸ɼPeron et al. (2009b)20) ͷ࣮ݧ݁Ռͷൣғ಺ʹ͋ΔͨΊɼղੳ
݁Ռ͸ଥ౰Ͱ͋Δͱ͍͑Δɽ
·ͨɼ্໘ͷُ྾ਐలͷ༷ࢠΛਤ- 4.5ʹɼ্໘ʹُ྾͕ൃੜ͢ΔҎલʹ؍࡯͞ΕΔُ྾܈Λਤ- 4.6
ʹͦΕͧΕࣔ͢ɽਤ- 4.5Ͱ͸ɼॳΊʹ͍͔ͭ͘ͷُ྾ʹΑͬͯେ͖ͳηϧ͕ܗ੒͞Εͨ͋ͱɼղੳϞσ
ϧͷଆ໘্ʢ௕ล্ʣͰُ྾ಉ࢜ͷִؒͷத৺෇ۙʹ͋ͨΔҐஔ͔Β৽ͨͳُ྾͕ൃੜ͠ɼηϧΛ֊૚
తʹ෼ׂ͍ͯ͠Δ͜ͱ͕෼͔Δɽ͞Βʹɼਤ- 4.6ʹࣔ͢Α͏ʹɼղੳϞσϧͷ্໘ʹُ྾͕ൃੜ͢ΔҎ
લʹɼղੳϞσϧఈ໘ʢz = 0mmʣͷ྆୺ʢx = 0mm, 300mmʣ෇ۙͰɼີूُͨ͠྾܈ͷൃੜ͕؍
࡯͞ΕΔɽ͜ͷُ྾܈ͷൃੜ͸ɼPeron et al. (2009b)20) ʹΑΔ࣮ݧͰ΋ࢦఠ͞Ε͓ͯΓɼࢼݧମఈ໘
ͷ֯ͷج൫͔Βͷണ཭ʹͭͳ͕Δɽ
ղੳͰಘΒΕُͨ྾ͷزԿܗঢ়ͷಛ௃͸ɼҎ্ʹࣔ͢Α͏ʹɼُ྾ͷຊ਺ɼُ྾໘ಉ࢜ͷִؒɼηϧ
ͷ֊૚తͳ෼ׂաఔɼࢼݧମఈ໘ͷ྆୺෇ۙʹີूͯ͠ݱΕΔُ྾܈·ͰɼPeron et al. (2009b)20) ʹ
ΑΔ࣮ݧͰ؍࡯͞Εͨݱ৅ʹҰக͍ͯ͠Δͱ͍͑Δɽ
͞Βʹɼ࠷ऴతͳُ྾ύλʔϯʹࢸͬͨ࣌఺ͰͷɼղੳϞσϧͷਫฏ໘ʹ͓͚Δ૬౰Ԡྗίϯλʔਤ
͓Αͼମੵؚਫ཰෼෍ΛɼͦΕͧΕਤ- 4.7ͱਤ- 4.8ʹࣔ͢ɽ͜͜ͰɼղੳྖҬ Ω಺ʹ͓͍ͯɼྖҬڥ
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ք ∂Ωͱُ྾໘ ΓʹΑͬͯғ·ΕͨྖҬΛ Ωf ͱ͢Δɽ͜ͷ໰୊Ͱ͸ɼΩf ͸ղੳϞσϧͷ্໘ɼఈ໘ɼ
ଆ໘·ͨ͸Ԗ௚ͳُ྾໘ʹғ·Εͨ௚ํମঢ়ͷྖҬͱͳΔɽৠൃʹ൐͍ɼΩf ͷମੵ͸શํ޲Ͱऩॖ͢
Δ͕ɼఈ໘ͷ xํ޲ͷมҐ͕߆ଋ͞Ε͍ͯΔͨΊɼΩf ಺ʹ͸ xํ޲ͷҾுԠྗ͕ൃੜ͢Δɽਤ- 4.7ʹ
ࣔ͢૬౰Ԡྗͷ෼෍͔Β΋ɼΩf ಺ʹҾுԠྗ͕ൃੜ͍ͯ͠Δ͜ͱ͕෼͔Δɽ
·ͨɼਤ- 4.8ʹࣔ͢Α͏ʹɼُ྾໘Λ·͙ͨਫ෼ϑϥοΫε͕ଘࡏͤͣɼُ྾໘͕৽ͨͳৠൃ໘ͱͳ
ΔͨΊɼͲͷਫฏஅ໘ʹ͓͍ͯ΋ηϧʢΩf ͷਫฏஅ໘ʣͷத৺෇ۙͰؚਫྔ͕ߴ͘ͳΓɼηϧͷڥք෇
ۙͰ͸ؚਫྔ͕௿Լ͢Δɽͭ·ΓɼͲͷਫฏஅ໘ʢxy-ฏ໘ʣʹ͓͍ͯ΋ɼମੵؚਫ཰͸ಉ৺ԁঢ়ͷ෼෍
Λࣔ͢ɽ͜ͷΑ͏ͳಉ৺ԁঢ়ͷମੵؚਫ཰ͷ෼෍ʹΑͬͯɼ֤ηϧ಺Ͱͷऩॖ͸ηϧͷڥք෇ۙͰ͸େ
͖͘ɼத৺෇ۙ͸খ͘͞ͳΔɽͦͷ݁Ռɼऩॖ͕େ͖͍ڥք෇ۙͰ͸ɼಉ৺ԁঢ়ͷ෼෍ͷԁपํ޲ʹҾ
ுԠྗ͕ൃੜ͠ɼηϧͷڥք͔Βத৺ʹ޲͔ͬͯ৽ͨͳُ྾͕ਐల͢Δͱߟ͑ΒΕΔɽ࣮ࡍɼਤ- 4.7ʹ
ࣔ͢૬౰Ԡྗͷ෼෍ʹ͓͍ͯ΋ɼղੳϞσϧͷଆ໘෇ۙͷԠྗͷํ͕ɼηϧͷத৺෇ۙΑΓߴ͘ͳͬͯ
͍Δ͜ͱ͕෼͔Δɽ
Ҏ্ΑΓɼPeron et al. (2009b)20) ͷ࣮ݧͰ؍࡯͞Εͨɼ
ࢼݧମଆ໘্ʢ௕ล্ʣͰُ྾ಉ࢜ͷִؒͷத৺෇ۙʹ͋ͨΔҐஔ͔Βͷُ྾ͷൃੜ
ηϧͷ֊૚తͳ෼ׂ
ʹΑΔُ྾ύλʔϯܗ੒ͷϝΧχζϜ͸ɼఈ໘ͷ xํ޲ͷมҐ͓Αͼಉ৺ԁঢ়ͷෆۉҰͳਫ෼෼෍ʹ
Αͬͯઆ໌Ͱ͖Δͱ͍͑Δɽ
͜ͷϝΧχζϜʹؔ͢Δ۩ମతߟ࡯͸ɼୈ 6ষʹࣔ͢ɽ
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ਤ–4.2 ฏߦُ྾ύλʔϯͷ਺஋ղੳʹ͓͚Δฏۉମੵؚਫ཰ͷมԽɽ(i)ࢼݧମද໘ͷਫ෼૚
͕ͳ͘ͳͬͨ࣌఺ɼ(ii) ُ྾ൃੜ࣌ɼ(iii) ُ྾ਐలऴྃ࣌ɽ
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ਤ–4.3 ฏߦُ྾ύλʔϯͷ਺஋ղੳʹ͓͍ͯ࠷ऴతʹܗ੒͞Εُͨ྾ͷࡾ࣍ݩతͳ༷ࢠɽ
300mm
50mm
ਤ–4.4 ฏߦُ྾ύλʔϯͷ਺஋ղੳʹ͓͍ͯղੳϞσϧ্໘ʹܗ੒͞Εͨ࠷ऴతͳُ྾ύ
λʔϯɽ
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ਤ–4.5 ฏߦُ྾ύλʔϯͷ਺஋ղੳʹ͓͚ΔղੳϞσϧ্໘Ͱͷُ྾ਐలͷ༷ࢠɽ
(a) t = 15.59 hourɼ(b) t = 17.03 hourɼ(c) t = 19.18 hourɼ(d) t = 25.14 hourʢ࠷ऴ
తͳُ྾ύλʔϯʣɽ
ਤ–4.6 ฏߦُ྾ύλʔϯͷ਺஋ղੳʹ্͓͍ͯ໘ʹُ྾͕ൃੜ͢ΔҎલʹ؍࡯͞ΕΔُ྾܈ɽ
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(a)
(b)
(c)
!
!
ਤ–4.7 ฏߦُ྾ύλʔϯͷ਺஋ղੳʹ͓͍ͯɼ࠷ऴతͳُ྾ύλʔϯʹࢸͬͨ࣌఺Ͱͷɼ
ղੳϞσϧͷਫฏ໘ʹ͓͚Δ૬౰Ԡྗίϯλʔਤɽ(a) z = 12mmɼ(b) z = 6mmɼ
(c) z = 0mmɽ
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(a)
(b)
(c)
!
!
ਤ–4.8 ฏߦُ྾ύλʔϯͷ਺஋ղੳʹ͓͍ͯɼ࠷ऴతͳُ྾ύλʔϯʹࢸͬͨ࣌఺ͰͷɼղੳϞ
σϧͷਫฏ໘ʹ͓͚Δମੵؚਫ཰෼෍ɽ(a) z = 12mmɼ(b) z = 6mmɼ(c) z = 0mmɽ
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ୈ5ষ ໢໨ঢ়ُ྾ύλʔϯͷ࠶ݱ
5.1 ס૩ഁյ࣮ݧ
5.1.1 ࣮ݧํ๏
໢໨ঢ়ُ྾ύλʔϯʹؔ͢Δ਺஋ղੳ݁Ռͷݕূσʔλͷऔಘ͓Αͼ਺஋ղੳʹ͓͚Δύϥϝʔλ
ʢe.g., ࢼݧମͷࣗ༝ڥք໘͔Βͷৠൃ଎౓ɼॳظ͓Αͼُ྾ਐలऴྃ࣌ͷମੵؚਫ཰ʣͷଌఆΛ໨తͱ͠
ͨɼ୸ࢎΧϧγ΢Ϝݒ୙ӷͷס૩ഁյ࣮ݧΛߦͬͨɽ୸ࢎΧϧγ΢Ϝݒ୙ӷ͸ɼͦͷϝϞϦʔޮՌ 70–73)
΍ُ྾ਐలաఔ 74) ʹண໨ͨ͠ס૩ഁյ࣮ݧͰ͠͹͠͹༻͍ΒΕ͍ͯΔɽ
࣮ݧͷ֓ཁ͸ҎԼͷ௨ΓͰ͋Δɽ·ཻͣܘ 5 mҎԼͷ୸ࢎΧϧγ΢ϜคͱਫΛࠞͥ߹Θͤɼମੵؚ
ਫ཰ 0.72ͷ୸ࢎΧϧγ΢Ϝݒ୙ӷΛ࡞੒ͨ͠ɽ͜ͷݒ୙ӷΛɼ্໘ͷΈ͕։์͞Εͨ෯ 100mm × Ԟ
ߦ 100mm × ਂ͞ 50mmͷΞΫϦϧ༰ثʹ஫͍ͩ΋ͷΛࢼݧମͱͨ͠ʢਤ- 5.1ʣɽ͜ͷͱ͖୸ࢎΧϧ
γ΢Ϝݒ୙ӷ͸๞࿨ঢ়ଶʹ͋ͬͨɽ૚ްͱηϧαΠζͱͷؔ܎Λ؍࡯͢ΔͨΊɼࢼݧମͷ૚ް͸ 5mmɼ
10mmɼ20mmɼ30mmͷ 4ύλʔϯʹઃఆͨ͠ɽ
֤૚ްʹ͍ͭͯɼ24ݸʢ૚ް 5mmʣɼ11ݸʢ૚ް 10mmʣɼ10ݸʢ૚ް 20mmʣɼ10ݸʢ૚ް 30mmʣ
ͷࢼݧମΛ࡞੒͠ɼס૩ഁյ࣮ݧΛߦͬͨɽ͜͜Ͱ͸ɼ૚ް͕খ͘͞ͳΔ΄Ͳ୸ࢎΧϧγ΢Ϝݒ୙ӷͷ
ϝϞϦʔޮՌ͕ൃੜ͠΍͘͢ɼۉҰͳࢼݧମΛ࡞੒͢Δͷ͕ࠔ೉ʹͳΔͨΊɼബ૚ͷࢼݧମ਺Λ૿΍͠
͍ͯΔɽۉҰͳࢼݧମ͔ΒಘΒΕΔ࣮ݧͷ݁Ռ͸ɼ૚ް͝ͱʹҰக͍ͯͨͨ͠Ίɼຊ࿦จͰ͸֤૚ްʹ
͍ͭͯ 3ݸͣͭɼܭ 12ݸͷࢼݧମʹ͓͚Δ࣮ݧ݁ՌͷΈΛࣔ͢ɽ୸ࢎΧϧγ΢Ϝݒ୙ӷΛΞΫϦϧ༰
ثʹ஫͍ͩޙ͠͹Β͘੩ஔ͢Δͱɼද໘ʹਫ෼૚͕Ͱ͖ΔͨΊɼਫ෼૚Λআ͍ͨ૚ͷް͕͞ઃఆ͍ͨ͠
ࢼݧମް͞ʹͳΔΑ͏ݒ୙ӷͷ෼ྔΛௐ੔ͨ͠ɽྫ͑͹ɼઃఆ͢Δ૚ް͕ 10mmͷ৔߹ɼඞཁͳݒ୙ӷ
ͷॏ͞͸ 152 gͰ͋ͬͨɽ
࡞੒ͨ͠ࢼݧମΛࣨԹ 20 ◦C ɼ૬ର࣪౓ 50% ͷҰఆ஋ʹอͨΕ࣮ͨݧࣨʹ੩ஔ͠ס૩ͤͨ͞ɽס૩
தɼࢼݧମͷఈ໘ͱଆ໘͸ɼ༰ثͱࢼݧମͱͷؒͷຎࡲͱ༊ணʹΑͬͯ߆ଋ͞Ε͍ͯΔɽס૩ُ྾ͷύ
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λʔϯܗ੒աఔΛ؍࡯͢ΔͨΊɼࢼݧମ্໘ͷ༷ࢠΛ 10෼͝ͱʹࡱӨͨ͠ɽ·ͨɼࢼݧମͷฏۉମੵ
ؚਫ཰ʢθavgʣͷมԽΛه࿥͢ΔͨΊɼਫ෼ৠൃʹ൐͏ࢼݧମͷ࣭ྔมԽ΋ 10෼͝ͱʹܭଌͨ͠ɽ
!"
ਤ–5.1 ୸ࢎΧϧγ΢Ϝݒ୙ӷͷס૩ഁյ࣮ݧͷࢼݧମɽ
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5.1.2 ࣮ݧ݁Ռ
ਤ- 5.2 - ਤ- 5.5͸ɼ֤૚ްʹ͓͚Δࢼݧମ্໘ͷ࠷ऴతͳُ྾ύλʔϯΛ͍ࣔͯ͠Δɽ͜͜Ͱ֤ਤʹ
͓͚Δ (a)-(c)͸ɼ૚ް͝ͱͷ 3ͭͷࢼݧମΛ͍ࣔͯ͠ΔɽͲͷ૚ްʹ͓͍ͯ΋໢໨ঢ়ͷُ྾ύλʔϯ͕
ܗ੒͞Εɼُ྾ʹΑͬͯғ·Εͨଟ֯ܗηϧΛܗ੒͍ͯ͠Δɽ
ਤ- 5.6͸ɼ૚ް 30mmͷࢼݧମʢਤ- 5.5 (a)ʹࣔ͢ࢼݧମʣʹ͓͚Δ࠷ऴతͳُ྾ύλʔϯΛ্໘
ͱఈ໘͔ΒݟͨਤͰ͋Δɽ্໘Ͱ؍࡯͞ΕΔશͯͷُ྾͸ఈ໘Ͱ΋؍࡯͞Ε͓ͯΓɼ্໘ͷُ྾͸શͯ
ఈ໘·Ͱ౸ୡ͍ͯ͠Δ͜ͱ͕෼͔Δɽ૚ް 30mmͷଞͷࢼݧମ͓Αͼ૚ް͕ 5mmɼ10mmɼ20mmͷ
ࢼݧମͰ΋ಉ༷ʹɼ্໘ͷُ྾͸શͯఈ໘·Ͱ౸ୡ͍ͯͨ͠ɽͭ·Γɼُ྾͸ࢼݧମͷ্໘ʹͷΈܗ੒
͞Ε͍ͯΔͷͰ͸ͳ͘ɼ্໘͔Βఈ໘ʹ޲͚ͯࢼݧମΛॎஅ͢ΔΑ͏ͳԖ௚ُ྾໘Λܗ੒͍ͯ͠Δɽ͠
͕ͨͬͯɼ֤ࢼݧମ͸ࢼݧମͱಉ͡ް͞Λ΋ͭଟ֯ܗஅ໘ͷ൘ʹ෼ׂ͞Ε͍ͯΔ͜ͱʹͳΔɽ
࣍ʹɼਤ- 5.2 - ਤ- 5.5ʹࣔͨ͠ࢼݧମ্໘Ͱͷُ྾ύλʔϯͷը૾͔Βɼ֤ࢼݧମʹ͓͚Δηϧͷ
໘ੵΛܭଌͨ͠ɽؠੴ΍ίϯΫϦʔτɼΰϜͳͲͷද໘ʹੜ͡ΔͻͼׂΕͰ͸ɼُ྾ܗঢ়ͷఆྔతධՁ
ʹϑϥΫλϧ࣍ݩΛ༻͍͍ͯΔྫ͕ଟ͋͘Γ 75–80)ɼס૩ُ྾ύλʔϯͷزԿֶతͳධՁʹ΋ϑϥΫλ
ϧ࣍ݩΛద༻ͨ͠ྫ͕͋Δ 81,82)ɽ͔͠͠ɼס૩ُ྾ύλʔϯͰ͸ଟ͘ͷ৔߹ɼಛ௃తͳ௕͞εέʔϧ
ʢi.e., ηϧαΠζʣΛ΋ͭଟ֯ܗηϧ͕؍࡯͞Εɼͦͷಛ௃తͳ௕͞εέʔϧͱࡐྉಛੑɾࢼྉܗঢ়ɾס
૩৚݅ͷؔ܎ੑʹண໨ͨ͠ݚڀ 2,12–15)͕ओྲྀͰ͋Δɽ͜ͷ͜ͱΛ౿·͑ɼຊݚڀͰ͸ɼס૩ُ྾ύλʔ
ϯͷఆྔతධՁࢦඪͱͯ͠ηϧ໘ੵΛ༻͍ͨɽ
ηϧ໘ੵͷܭଌʹ͸ը૾ղੳιϑτ ImageJΛ༻͍ͨʢImageJͷ໘ੵܭଌਫ਼౓͸ 1pixelʢຊݚڀͷ࢖
༻ը૾Ͱ͸ 0.2mmఔ౓ʣͰ͋Δʣɽ໘ੵͷܭଌʹ͋ͨΓɼ༰ثͱͷ༊ண͓ΑͼຎࡲͷӨڹΛେ͖͘ड͚
Δڥք෇ۙͷηϧ͸আ֎͠ɼத৺෇ۙͷηϧͷΈΛܭଌͷର৅ͱͨ͠ɽ֤ࢼݧମͰܭଌ͞Εͨηϧ໘ੵ
ͷฏۉ஋͓Αͼɼ֤૚ް 3ݸͷࢼݧମ͔Βࢉग़͞Εͨ૚ް͝ͱͷηϧ໘ੵͷฏۉ஋ΛɼͦΕͧΕਤ- 5.7
ͷάϥϑʹࣔ͢ɽ·ͨɼ֤૚ް 3ݸͷࢼݧମ͔Βࢉग़͞Εͨ૚ް͝ͱͷηϧ໘ੵͷฏۉ஋ͱมಈ܎਺Λ
ද- 5.1ʹࣔ͢ɽਤ- 5.7ʹ͓͚Δࢼݧମ͝ͱͷฏۉ஋͔Βɼ૚ް͕ಉ͡ࢼݧମͷηϧ໘ੵ͸΄΅ಉ͡஋
ΛͱΔ͜ͱ͕෼͔Δɽ͜ͷ͜ͱ͔Βɼ༰ثͱͷ༊ண͓ΑͼຎࡲͷӨڹΛେ͖͘ड͚Δڥք෇ۙͷҰ෦ͷ
ηϧΛআ͖ɼ֤૚ްͰ؍࡯͞ΕΔηϧͷαΠζ͸΄΅ҰఆʹอͨΕ͍ͯΔͱ͍͏͜ͱ͕Ͱ͖Δɽ͜ͷΑ
͏ʹࢼݧମͷڥքΛআ͍ͨத৺෇ۙͰ؍࡯͞ΕΔҰఆͷηϧαΠζ͸ɼ֤૚ްʹରԠͨ͠ಛ௃తͳ௕͞
εέʔϧͱΈͳ͢͜ͱ͕Ͱ͖Δɽ·ͨɼਤ- 5.7ʹ͓͚Δ૚ް͝ͱͷฏۉ஋͔Βɼ૚ްͷ૿Ճʹ൐͍֤૚
ްʹ͓͚Δηϧͷฏۉతͳ໘ੵ͕૿Ճ͍ͯ͠Δ͜ͱ͕֬ೝͰ͖Δɽද- 5.1ͷมಈ܎਺Ͱ͸ɼ૚ް 10mm
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ͱ 30mmͰηϧ໘ੵͷ͹Β͖͕ͭେ͖͘ͳ͓ͬͯΓɼ͜ͷ࣮ݧ͔ΒͰ͸ηϧ໘ੵͷ͹Β͖ͭͷ૚ްʹର
͢Δ܏޲͸؍࡯͞Εͳ͍ɽ૚ްʹԠͨ͡ಛ௃తͳ௕͞εέʔϧͷଘࡏͱɼ૚ްͷ૿ՃʹԠͨ͡ηϧͷฏ
ۉతͳ໘ੵͷ૿Ճ܏޲͸ɼطଘͷ࣮ݧతݚڀʹ͓͚Δ݁࿦ͱҰக͢Δɽ
ਤ- 5.8͸૚ް 10mmͷࢼݧମʢਤ- 5.3 (a)ʹࣔ͢ࢼݧମʣ্໘ʹ͓͚Δُ྾ਐలͷ༷ࢠΛ͍ࣔͯ͠
Δɽס૩ഁյݱ৅ͷॳظஈ֊ʢਤ- 5.8 (a)-(c)ʣͰ͸ɼ͍͔ͭ͘ͷ௕ُ͍྾͕ࢼݧମ্໘Λԣ੾Γɼେ͖
ͳηϧߏ଄Λܗ੒͢Δɽ͜ΕΒͷُ྾͸ɼҰُ࣍྾ 16) ͱߟ͑ΒΕΔɽס૩͕ਐΉʹͭΕɼҰُ࣍྾ʹ
Αͬͯܗ੒͞Εͨηϧ͸ɼೋُ࣍྾ʹΑͬͯஈ֊తʹ෼ׂ͞Ε͍ͯ͘ʢਤ- 5.8 (d), (e)ʣɽ͜͜ͰɼʮҰ
ُ࣍྾ʯɼʮೋُ࣍྾ʯͱ͍͏෼ྨ͸ɼNahlawi et al. (2006)16)ʹΑΔఆٛʹै͍ͬͯΔɽͭ·ΓɼҰ࣍
ُ྾͸ɼס૩ഁյݱ৅ͷॳظஈ֊ͰݱΕΔ࠷ॳͷُ྾ͷ૊Ͱɼೋُ࣍྾͸Ұُ࣍྾ͷؒʹൃੜ͢Δُ྾
Ͱ͋Δɽೋُ࣍྾͸Ұُ࣍྾ʹൺ΂ͯ୹͘ɼ͠͹͠͹ࢬ෼͔Ε͕ൃੜ͢Δɽ·ͨɼηϧͷڥք͔Βൃੜ
͠ɼଞͷُ྾ʹ͋ͨΔ·Ͱηϧͷத৺ํ޲ʹਐల͍ͯ͘͠ɽ͜ͷΑ͏ͳೋُ࣍྾ʹΑΔηϧ෼ׂ͸ɼُ
྾ͷ੒௕͕ऴྃ͠ɼ࠷ऴతͳُ྾ύλʔϯʢਤ- 5.8 (f)ʣʹͳΔ·Ͱ܁Γฦ͞ΕΔɽ͜ͷ֊૚తͳηϧ
ͷ෼ׂաఔ͸ଞͷࢼݧମʹ͓͍ͯ΋ಉ༷ʹ؍࡯͞Εͨɽ
ਤ- 5.9͸ɼ૚ް 10mmͷࢼݧମʢਤ- 5.3 (a)ʹࣔ͢ࢼݧମʣʹ͓͚Δฏۉମੵؚਫ཰ θavg ͷมԽΛ
͍ࣔͯ͠Δɽ࣮ݧ։࢝ޙɼৠൃ͕ਐΈ θavg = 0.560ͷ࣌఺Ͱࢼݧମ্໘ͷਫ෼૚͕ͳ͘ͳͬͨɽ·ͨɼ
θavg = 0.224ͷ࣌఺ͰɼॳΊ্ͯ໘ʹُ྾͕ൃੜͨ͠ɽͦͷޙɼࢼݧମͷମੵؚਫ཰ θavg ͷݮগྔ͕΄
΅θϩʹͳΔʢס૩͕ऴྃ͢ΔʣΑΓ΋લʹɼُ྾ਐల͸ऴྃͨ͠ɽ͜ͷُ྾ਐలऴྃ࣌ͷฏۉମੵؚ
ਫ཰͸ɼ θavg = 0.204Ͱ͋ͬͨɽ͞Βʹɼฏۉମੵؚਫ཰ θavg ͕࣌ؒͷܦաʹै͍ઢܗʹݮগ͍ͯ͠
Δ͜ͱ͔Βɼগͳ͘ͱ΋ُ྾͕ਐల͍ͯ͠Δؒͷৠൃ଎౓͸ҰఆͰ͋Δͱ͍͑Δɽคମ-ਫࠞ߹෺ͷৠൃ
଎౓͸ɼେؾͷৠൃೳΛຬͨ͢ৠൃՄೳ଎౓Ͱৠൃ͕ਐߦ͢Δʮס૩ͷୈ 1ஈ֊ʢ߃཰ס૩ஈ֊ʣʯɼค
ମ-ਫࠞ߹෺ͷਫ෼ڙڅೳྗ͕େؾͷৠൃ଎౓Λຬͨͤͳ͘ͳΓɼৠൃ଎౓͕ݮগ͢Δʮס૩ͷୈ 2ஈ֊
ʢݮ཰ס૩ஈ֊ʣʯɼ͞Βʹ௿͍ৠൃ଎౓Λҡ࣋͢Δʮס૩ͷୈ 3ஈ֊ʯʹ෼͚ΒΕΔ 83)ɽৠൃ଎౓͕Ұ
ఆͰ͋Δ͜ͱ͔Βɼُ྾ਐలதͷৠൃ͸ৗʹʮס૩ͷୈ 1ஈ֊ʯʹ͋ͬͨ͜ͱ͕෼͔Δɽס૩ͷୈ 2ஈ
֊ʹ͓͚Δৠൃ଎౓ͷ௿Լ͸ɼମੵؚਫ཰͕௿͘ਫ෼֦ࢄؔ਺ͷ஋͕খ͍͞ද૚෦෼ͷ૿ՃʹΑΓɼਫ
෼ڙڅೳྗ͕௿Լ͢Δ͜ͱʹىҼ͢Δɽ͜ͷ͜ͱ͔Βɼס૩ͷୈ 1ஈ֊ʹ͋Δُ྾ਐలաఔͰ͸ɼද૚
෦ͷਫ෼֦ࢄؔ਺͸े෼େ͖͘ɼຊ࣮ݧͷΑ͏ͳൺֱతബ͍ࢼݧମʹ͓͚Δਫ෼֦ࢄ܎਺ҰఆͷԾఆ͸
ଥ౰Ͱ͋Δͱ͍͑Δɽ
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(a)
(b)
(c)
100mm
100mm
ਤ–5.2 ס૩ഁյ࣮ݧʹ͓͍ͯࢼݧମ্໘ʹܗ੒͞Εͨ࠷ऴతͳُ྾ύλʔϯɽް͞ 5mmͷ
৔߹ɽ
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(a)
(b)
(c)
100mm
100mm
ਤ–5.3 ס૩ഁյ࣮ݧʹ͓͍ͯࢼݧମ্໘ʹܗ੒͞Εͨ࠷ऴతͳُ྾ύλʔϯɽް͞ 10mmͷ
৔߹ɽ
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(a)
(b)
(c)
100mm
100mm
ਤ–5.4 ס૩ഁյ࣮ݧʹ͓͍ͯࢼݧମ্໘ʹܗ੒͞Εͨ࠷ऴతͳُ྾ύλʔϯɽް͞ 20mmͷ
৔߹ɽ
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(a)
(b)
(c)
100mm
100mm
ਤ–5.5 ס૩ഁյ࣮ݧʹ͓͍ͯࢼݧମ্໘ʹܗ੒͞Εͨ࠷ऴతͳُ྾ύλʔϯɽް͞ 30mmͷ
৔߹ɽ
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(a) (b)
ਤ–5.6 ૚ް 30mm (a)ͷࢼݧମʹ͓͚Δ࠷ऴతͳُ྾ύλʔϯͷ্໘ͱఈ໘͔Βͷ༷ࢠɽ
(a) ্໘ͷ༷ࢠɼ(b) ఈ໘ͷ༷ࢠɽ
0.0
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4.0
6.0
8.0
10.0
0 5 10 15 20 25 30 35
Av
er
ag
ed
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el
l s
ize
 [c
m
2 ]
Specimen thickness [mm]
各層厚の平均値
各試験体の平均値
ਤ–5.7 ֤ࢼݧମͰܭଌ͞Εͨηϧ໘ੵͷฏۉ஋ͱ૚ް͝ͱͷηϧ໘ੵͷฏۉ஋ɽ
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(b)(a)
(e)
(d)(c)
(f)
ਤ–5.8 ס૩ഁյ࣮ݧʹ͓͚Δُ྾ਐలաఔͷ༷ࢠɽ૚ް 10mm (a)ͷࢼݧମͷ৔߹ɽ
(a)-(c) Ұُ࣍྾ʹΑΔେ͖ͳηϧߏ଄ͷܗ੒ɼ(d), (e) ೋُ࣍྾ʹΑΔηϧ෼ׂɼ
(f) ࠷ऴతͳُ྾ύλʔϯɽ
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ද–5.1 ס૩ഁյ࣮ݧʹ͓͚Δ૚ް͝ͱͷηϧ໘ੵͷฏۉ஋ͱมಈ܎਺
૚ް ฏۉ஋ มಈ܎਺ ηϧ਺
5mm 2.57 cm2 0.459 98
10mm 4.14 cm2 0.642 65
20mm 6.25 cm2 0.570 45
30mm 8.62 cm2 0.739 32
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0 20 40 60 80 100
Time t [h]
(i)
(ii)(iii)
Av
er
ag
ed
 v
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um
et
ric
 w
at
er
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on
te
nt
 θ
av
g
[-]
ਤ–5.9 ฏۉମੵؚਫ཰ θavg ͷมԽɽ૚ް 10mm (a)ͷࢼݧମͷ৔߹ɽ
(i) ࢼݧମද໘ͷਫ෼૚͕ͳ͘ͳͬͨ࣌఺ɼ(ii) ُ྾ൃੜ࣌ɼ(iii) ُ྾ਐలऴྃ࣌ɽ
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5.2 ਺஋ղੳ
5.2.1 ղੳ৚݅
5.1અͰࣔͨ͠୸ࢎΧϧγ΢ϜʹΑΔס૩ഁյ࣮ݧͰ؍࡯͞Εͨɼೋ࣍ݩతͳ໢໨ঢ়ُ྾ύλʔϯͱ
૚ްʹΑΔηϧαΠζͷมԽΛ਺஋ղੳʹΑͬͯ࠶ݱ͢Δɽ
5.1અͷס૩ഁյ࣮ݧʹै͍ɼ෯ͱԞߦ͖͕ 100mmͷ௚ํମղੳϞσϧΛ༻ҙ͠ɼ૚ް T ͸ 5mmɼ
10mmɼ20mmɼ30mmʹઃఆͨ͠ɽס૩ഁյ࣮ݧͰ͸ɼΞΫϦϧ༰ثͱ઀͍ͯ͠Δࢼݧମͷڥք໘ʢଆ
໘ͱఈ໘ʣ͸ࢼྉͱ༰ثͷؒͷ༊ணͱຎࡲʹΑͬͯ߆ଋ͞Ε͓ͯΓɼৠൃ͸༰ثͷ։ޱ෦ʢࢼݧମ্໘ʣ
ͱُ྾໘͔ΒͷΈى͍ͬͯͨ͜ɽ͜Εʹج͖ͮɼ਺஋ղੳʹ͓͚Δڥք৚݅Λਤ- 5.10ͷΑ͏ʹઃఆͨ͠ɽ
͜͜Ͱɼࢼݧମͷଆ໘ͱఈ໘Λ ∂Ω(1)ɼ্໘Λ ∂Ω(2)ͱ͢Δͱɼ׬උੑ ∂Ω = ∂Ω(1) ∪ ∂Ω(2)ͱഉଞੑ
∂Ω(1) ∩ ∂Ω(2) = ∅͕੒Γཱͭɽ͜ͷͱ͖ɼ֦ࢄʹؔ͢Δॳظ஋ڥք஋໰୊ (2.3)ʹ͓͚ΔDirichletڥք
∂ΩθͱNeumannڥք ∂Ωwʹ͸ɼ∂Ωw = ∂Ω(1) ∪ ∂Ω(2)ͱ ∂Ωθ = ∅͕੒Γཱͪɼมܗʹؔ͢Δڥք஋໰
୊ (2.7)ʹ͓͚Δ Dirichletڥք ∂Ωu ͱ Neumannڥք ∂Ωt ʹ͸ɼ∂Ωu = ∂Ω(1) ͱ ∂Ωt = ∂Ω(2) ͕੒Γ
ཱͭɽ͕ͨͬͯ͠ɼ୸ࢎΧϧγ΢ϜʹΑΔס૩ഁյ࣮ݧʹ͓͚Δُ྾ύλʔϯ͸ҎԼʹࣔ͢ɼ֦ࢄʹؔ
͢Δॳظ஋ڥք஋໰୊ (5.1)ͱมܗʹؔ͢Δڥք஋໰୊ (5.2)ͷ࿈੒໰୊Λղ͘͜ͱʹΑͬͯಘΒΕΔɽ
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
θ˙ = D∇2θ x ∈ Ω \ (∂Ω ∪ Γ) (5.1a)
θ(x, 0) = θ0(x) x ∈ Ω \ (∂Ω ∪ Γ) (5.1b)
D
∂θ
∂n
= 0 x on ∂Ω(1) (5.1c)
D
∂θ
∂n
= −w¯(x, t) x on ∂Ω(2) (5.1d)
D
∂θ
∂n
= −v¯(x, t) x on Γ (5.1e)
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
∇.σ = 0 x ∈ Ω \ (∂Ω ∪ Γ) (5.2a)
σ = c : (ε− εs) x ∈ Ω \ (∂Ω ∪ Γ) (5.2b)
ε =
1
2
(
∇u+ (∇u)T
)
x ∈ Ω \ (∂Ω ∪ Γ) (5.2c)
u = 0 x on ∂Ω(1) (5.2d)
σ.n = 0 x on (∂Ω(2) ∪ Γ) (5.2e)
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ύϥϝʔλ͸ɼ୸ࢎΧϧγ΢ϜʹΑΔס૩ഁյ࣮ݧͰಘΒΕͨ஋͔Βද- 5.2ͷΑ͏ʹઃఆͨ͠ɽॳظ
ମੵؚਫ཰ θ0ͱղੳऴྃ࣌ͷମੵؚਫ཰ θfin͸ɼ୸ࢎΧϧγ΢ϜʹΑΔס૩ഁյ࣮ݧʹ͓͍ͯɼද໘ͷ
ਫ෼૚͕ͳ͘ͳͬͨ࣌఺ͱࢼݧମ্໘Ͱͷُ྾ਐల͕ऴྃͨ࣌͠఺Ͱͷฏۉମੵؚਫ཰ͱͨ͠ɽُ྾໘
͔Βͷৠൃ଎౓ v¯͸ɼฏߦُ྾ύλʔϯʹؔ͢Δղੳͱಉ༷ɼڥք໘͔Βͷৠൃ଎౓ w¯ͷ 50%ͱͨ͠ɽ
୸ࢎΧϧγ΢Ϝݒ୙ӷͷࡐྉఆ਺ʢi.e.,ਫ෼֦ࢄ܎਺DɼϙΞιϯൺ νɼϠϯά཰EɼҾுڧ౓ tcʣͷ
ଌఆ͸ඇৗʹࠔ೉Ͱ͋Γɼ৴པͰ͖Δ࣮ݧσʔλ͸ଘࡏ͠ͳ͍ɽͦ͜Ͱɼਫ෼֦ࢄ܎਺DɼϙΞιϯൺ νɼ
Ϡϯά཰Eʹؔͯ͠͸ɼγϧτ࣭ͷ೪౔ʹؔ͢Δ࣮ݧ͔ΒಘΒΕ͍ͯΔ஋Λ༻͍ͨ 15,20)ɽ·ͨɼຊ࿦จ
͕ର৅ͱ͢Δס૩ഁյͷ໰୊Ͱ͸Ϡϯά཰EͱҾுڧ౓ tcͦΕͧΕͷ஋Ͱ͸ͳ͘ɼtc/Eͱ λͱͷൺ཰ɼ
͢ͳΘͪɼࢼྉΛઢܗ஄ੑମͱΈͳͨ͠৔߹ͷഁյ࣌ͷݶքͻͣΈͱɼਫ෼ऩॖ܎਺ λͱͷൺ཰͕ɼُ྾
ੜ੒ͷ;Δ·͍Λࢧ഑͍ͯ͠Δɽਫ෼ऩॖ܎਺ λ͸ɼؒܺ཰΍ଞͷଌఆՄೳͳύϥϝʔλΛ༻͍ͯൺֱ
తߴ͍৴པ౓Λ࣋ͭ஋͕ಘΒΕΔͨΊɼ૚ް 10mmͷղੳϞσϧΛ༻͍ͯɼtc/E = 0.12, 0.32, 0.52ʹͭ
͍ͯύϥϝτϦοΫελσΟΛߦͬͨɽͦͷ݁Ռɼtc/E = 0.12Ͱ͸ղੳྖҬͷ΄΅શମʹΘͨͬͯࡉ͔
ͳُ྾͕ൃੜ͠ʢ͜ͷΑ͏ͳُ྾ύλʔϯ͕࣮ݧͰ؍࡯͞ΕΔ͜ͱ͸ͳ͍ʣɼtc/E =0.52Ͱ͸ُ྾͕े
෼ʹਐల͠ͳ͔ͬͨʢُ྾͕ղੳϞσϧ্໘Λԣ੾Δ͜ͱͳ͘ਐల͕ऴྃͨ͠ʣ͜ͱ͔Βɼtc/E = 0.32
ʹఆΊ্ͨͰɼγϧτ࣭ͷ೪౔ʹ͓͚ΔϠϯά཰ E =5.0MPaΛ༻͍ͯ tc ͷ஋Λܾఆͨ͠ɽ
Ҏ্ͷύϥϝʔλઃఆʹՃ͑ɼ֤ղੳϞσϧʹର࢛͠໘ମඇߏ଄ϝογϡʹΑΔ༗ݶཁૉϞσϧΛ࡞
੒ͨ͠ɽ͜ͷͱ͖ɼُ྾ύλʔϯͷϝογϡґଘੑΛݕূ͢ΔͨΊɼ֤૚ް͝ͱʹۭؒ෼ղೳ͕ҟͳΔ
3ύλʔϯ·ͨ͸ 4ύλʔϯͷ༗ݶཁૉϞσϧΛ࡞੒͠ 67–69) ղੳΛߦͬͨɽ֤༗ݶཁૉϞσϧͷϝο
γϡαΠζɼ͓Αͼ૚ް 5mmͰઅ఺਺ 32,802ͷ༗ݶཁૉϞσϧʢmodel 5-2ʣʹ͓͚Δϝογϡۭؒ
෼ղೳʹΑͬͯਖ਼نԽ֤ͨ͠༗ݶཁૉϞσϧͷۭؒ෼ղೳΛද- 5.3ʹࣔ͢ɽ
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ද–5.2 ໢໨ঢ়ُ྾ύλʔϯͷ਺஋ղੳʹ͓͚Δύϥϝʔλ
คମס૩ີ౓ ρd 8.0× 102 kg/m3
ਫີ౓ ρw 1.0× 103 kg/m3
ॳظମੵؚਫ཰ θ0 0.560
ղੳऴྃ࣌ͷମੵؚਫ཰ θfin 0.204
ڥք໘ͷৠൃ଎౓ w¯ 8.8× 10−5m/h
ُ྾໘ͷৠൃ଎౓ v¯ 4.4× 10−5m/h
ਫ෼ऩॖ܎਺ λ 0.69
ਫ෼֦ࢄ܎਺ D 3.6× 10−6m2/h
ϙΞιϯൺ ν 0.3
Ϡϯά཰ E 5.0MPa
Ҿுڧ౓ tc 1.6MPa
!"#$%&#'(%) !"#$%&#'(%)
ਤ–5.10 ໢໨ঢ়ُ྾ύλʔϯͷ਺஋ղੳʹ͓͚ΔղੳϞσϧͱڥք৚݅ɽ
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ද–5.3 ֤༗ݶཁૉϞσϧͷϝογϡαΠζ͓Αͼਖ਼نԽۭͨؒ͠෼ղೳ
૚ް T Model No. ཁૉ਺ અ఺਺ ਖ਼نԽ͞Εۭͨؒ෼ղೳ
5mm
model 5-1 109,110 22,959 0.70
model 5-2 160,732 32,802 1.00
model 5-3 253,930 50,355 1.54
model 5-4 341,198 66,425 2.03
10mm
model 10-1 178,235 33,870 0.516
model 10-2 278,337 51,726 0.788
model 10-3 326,368 60,215 0.918
20mm
model 20-1 309,509 55,304 0.421
model 20-2 325,931 58,129 0.443
model 20-3 682,805 119,210 0.909
30mm
model 30-1 347,551 61,146 0.311
model 30-2 362,406 63,628 0.323
model 30-3 1,053,347 180,271 0.916
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5.2.2 ղੳ݁Ռ
ද- 5.3ʹ֤ࣔͨ͠Ϟσϧ্໘ʹ͓͚Δ࠷ऴతͳُ྾ύλʔϯΛਤ- 5.11 - ਤ- 5.14ʹࣔ͢ɽϞσϧ͝
ͱʹُ྾ύλʔϯ͸มԽ͢Δ͕ɼ͍ͣΕͷ৔߹ʹ͓͍ͯ΋ɼ໢໨ঢ়ߏ଄Λ΋ُͭ྾܈͕ղੳϞσϧ্໘
Λଟ֯ܗͷηϧʹ෼ׂ͍ͯ͠Δ༷ࢠ͕࠶ݱ͞Ε͍ͯΔɽ
·ͨɼਤ- 5.15ʹ૚ް 5mmͷϞσϧʢmodel 5-2ʣʹ͓͚Δࡾ࣍ݩతͳُ྾ͷ༷ࢠΛࣔ͢ɽ͜ͷਤ͔
Βɼશͯͷُ྾໘͸্໘͔Βఈ໘΁޲͚ͯղੳϞσϧ಺Λॎஅ͓ͯ͠Γɼ্໘ͱਨ௚ͳ޲͖ʢԖ௚ํ޲ʣ
ͷُ྾໘Λܗ੒͍ͯ͠Δ͜ͱ͕෼͔Δɽ͜ͷΑ͏ʹɼ্໘ʹਨ௚Ͱఈ໘·Ͱ౸ୡ͢Δُ྾໘͸ɼଞͷ૚
ްͷϞσϧʹ͓͍ͯ΋ಉ༷ʹ؍࡯͞Εͨɽ
͜͜ͰɼϞσϧ্໘ͷُ྾ύλʔϯը૾ʢਤ- 5.11 - ਤ- 5.14ʣΛ༻͍ͯɼ֤ϞσϧͰܗ੒͞Εͨଟ֯
ܗηϧͷฏۉ໘ੵΛܭଌͨ͠ɽ͜ͷͱ͖ɼ୸ࢎΧϧγ΢Ϝݒ୙ӷͷס૩ഁյ࣮ݧʹ͓͚ΔηϧαΠζͷ
ܭଌͱಉ༷ʹɼมҐ߆ଋͷӨڹΛड͚Δଆ໘෇ۙͷηϧ΍ہॴతͳُ྾܈ͷൃੜʹΑΓ໌֬ʹܗ੒͞Ε
͍ͯͳ͍ηϧ͸আ֎͍ͯ͠Δɽ
ਤ- 5.16͸Ϟσϧ͝ͱͷηϧͷฏۉ໘ੵͱਖ਼نԽ͞Εۭͨؒ෼ղೳͷؔ܎Λ૚ް͝ͱʹࣔͨ͠άϥϑ
Ͱ͋Δɽ͜͜Ͱ͸ɼϝογϡαΠζΛࡉ͔ͯ͘͠΋ηϧͷฏۉ໘ੵ͕มԽ͠ͳ͘ͳͬͨࡍʹɼͦΕΒͷ
ϝογϡ͸े෼ͳۭؒ෼ղೳΛ༗͍ͯ͠Δͱ൑அ͢Δɽ૚ް 5mmͷϞσϧʢmodel 5-1ɼ5-2ɼ5-3ɼ5-4ʣ
ʹண໨͢Δͱɼmodel 5-2ɼ5-3ɼ5-4ʹ͓͚Δηϧͷฏۉ໘ੵ͸ͦͷϝογϡۭؒ෼ղೳʹؔΘΒͣ΄΅
ಉ͡஋ΛͱΔͷʹର͠ɼmodel 5-1ʢਖ਼نԽ͞Εۭͨؒ෼ղೳ͕ 0.8ͷϞσϧʣ͸ଞͷ૚ް 5mmͷϞσ
ϧʹൺ΂ηϧͷฏۉ໘ੵ͕େ͖͘ͳ͍ͬͯΔɽ͕ͨͬͯ͠ɼmodel 5-1ͷ༗ݶཁૉϞσϧʹ͓͚Δϝο
γϡ͸ηϧαΠζ͕ऩଋ͢Δͷʹे෼ͳۭؒ෼ղೳΛ༗͍ͯ͠ͳ͍ͱ͍͑Δɽଞͷ૚ްͷϞσϧͰ͸ɼ
ϝογϡͷۭؒ෼ղೳʹΑͬͯηϧͷฏۉ໘ੵ͸େ͖͘มԽ͍ͯ͠ͳ͍͜ͱ͔Βɼද- 5.3ʹۭࣔͨؒ͠
෼ղೳʹ͓͍ͯηϧαΠζ͸ऩଋ͍ͯ͠Δͱߟ͑Δ͜ͱ͕Ͱ͖ΔɽҎ্͔Βɼُ྾ύλʔϯࣗମ͸ϝο
γϡܗঢ়ʹґଘͯ͠มԽ͢Δ͕ɼϝογϡۭؒ෼ղೳ͕े෼ʹߴ͍৔߹ʹ͸ɼܗ੒͞ΕΔଟ֯ܗηϧͷ
αΠζ͸΄΅ಉ͡ʹͳΔͱ͍͑Δɽ͜ͷऩଋͨ͠ଟ֯ܗηϧͷαΠζ͕ɼ֤૚ްʹରԠͯ͠ܗ੒͞ΕΔ
ಛ௃తͳ௕͞εέʔϧͰ͋Δɽ͜ͷΑ͏ʹɼُ྾ύλʔϯࣗମʹ͸ଟ༷ੑ͕͋Γͳ͕Β΋ಛ௃తͳ௕͞
εέʔϧ͕ܗ੒͞ΕΔ͜ͱ͸ɼס૩ഁյ࣮ݧͰͷ؍࡯ࣄ࣮ͱҰக͢Δɽ
࣍ʹɼ૚ް 5mmͷηϧαΠζ͕ऩଋ͍ͯ͠ͳ͍Ϟσϧʢmodel 5-1ʣΛআ͖ɼ֤૚ް͝ͱʹɼ3ύλʔ
ϯͷϞσϧͰܗ੒͞Εͨશηϧͷ໘ੵͷฏۉ஋Λܭࢉͨ͠ɽ͜ͷηϧ໘ੵʹΑΔُ྾ύλʔϯͷධՁ͸
ઌߦݚڀʹ΋ଟ͘ΈΒΕɼࡐྉʹґΒͣ૚ްͷ૿Ճʹ൐͍ηϧͷฏۉ໘ੵ͸૿Ճ͢Δ͜ͱ͕෼͔͍ͬͯ
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Δ 11,12,16–19)ɽղੳʹ͓͚Δ૚ް͝ͱͷηϧͷฏۉ໘ੵΛ 5.1અͰࣔͨ͠୸ࢎΧϧγ΢ϜʹΑΔס૩ഁ
յ࣮ݧͷ݁Ռʢਤ- 5.7ʣͱൺֱͨ͠΋ͷΛਤ- 5.17ʹࣔ͢ɽ͜ͷਤ͔Βɼ਺஋ղੳͰಘΒΕͨηϧͷฏ
ۉ໘ੵ͸Ͳͷ૚ްʹ͓͍ͯ΋࣮ݧ஋ΑΓΘ͔ͣʹখ͘͞ͳ͍ͬͯΔ͕ɼ͓ΑͦͷηϧαΠζ΍૚ްͷ૿
ՃʹԠͨ͡ηϧ໘ੵͷ૿Ճͱ͍͏ס૩ُ྾ύλʔϯͷجຊతͳಛ௃͸਺஋ղੳʹΑͬͯଊ͑Δ͜ͱ͕Ͱ
͖͍ͯΔͱ͍͑Δɽ·ͨɼ֤૚ް 3ύλʔϯͷϞσϧ͔Βࢉग़͞Εͨ૚ް͝ͱͷηϧ໘ੵͷฏۉ஋ͱม
ಈ܎਺Λද- 5.4ʹࣔ͢ɽ͜ͷද͔Βɼηϧ໘ੵͷ͹Β͖ͭ͸૚ްʹΑΒͣ΄΅ҰఆͰ͋Δ͜ͱ͕෼͔Δɽ
਺஋ղੳʹ͓͚Δηϧͷฏۉ໘ੵΛ࣮ݧ஋ͱҰகͤ͞Δʹ͸ɼ࣮ݧ͔Βଌఆ͢Δͷ͕ࠔ೉ͳਫ෼֦ࢄ܎
਺ɼُ྾໘͔Βͷৠൃ଎౓ɼ෺࣭ͷڧ౓Λද͢ tc/E ͱ͍ͬͨύϥϝʔλʹؔͯ͠ΑΓ޿͍ύϥϝʔλ
ۭؒͰͷύϥϝτϦοΫελσΟΛߦ͍͜ΕΒͷύϥϝʔλُ͕྾ύλʔϯʹ༩͑ΔӨڹΛݕূ͢Δඞ
ཁ͕͋Δɽ
ਤ- 5.18ʹɼ૚ް 10mmͷϞσϧʢmodel 10-3ʣʹ͓͚Δ্໘Ͱͷُ྾ਐలաఔΛࣔ͢ɽס૩ഁյͷ
ॳظஈ֊Ͱ͸ɼ͍͔ͭ͘ͷُ྾͕௕͘ਐల͠ɼେ͖ͳηϧߏ଄Λܗ੒͢Δʢਤ- 5.18 (a)-(c)ʣɽ͜ΕΒͷ
ُ྾͸ɼ୸ࢎΧϧγ΢ϜʹΑΔס૩ഁյ࣮ݧͰ؍࡯͞ΕͨҰُ࣍྾ͱΈͳ͢͜ͱ͕Ͱ͖Δɽͦͷޙɼೋ
ُ࣍྾͕ൃੜ͠ɼҰُ࣍྾ͷؒΛਐల͍ͯ͘͜͠ͱͰɼେ͖ͳηϧΛ෼ׂ͍ͯ͘͠ʢਤ- 5.18 (d)-(f)ʣɽ
ೋُ࣍྾ͷزԿֶతಛ௃ʢi.e., ୹͘ɼࢬ෼͔Ε͢Δ৔߹͕͋Δʣ͸ɼס૩ഁյ࣮ݧʹ͓͚Δ؍࡯݁Ռͱ
Ұக͍ͯ͠Δɽ·ͨɼೋُ࣍྾͸ɼطʹܗ੒͞Ε͍ͯΔηϧͷपғ͔Βൃੜ͠ɼଞͷُ྾ʹ͋ͨΔ·Ͱɼ
ηϧͷத৺Λ௨ΔΑ͏ʹਐల͍ͯ͘͠ɽ͜ͷೋُ࣍྾ʹΑΔηϧͷ෼ׂ͸ɼُ྾ύλʔϯ͕࠷ऴతͳܗ
ঢ়ʢਤ- 5.18 (f)ʣʹͳΔ·Ͱɼ܁Γฦ͞ΕΔɽͭ·Γɼਤ- 5.18ʹࣔͨ͠਺஋ղੳ݁Ռ͸ɼBohn (2005a,
2005b)2,3) ͕ࢦఠͨ͠ס૩ُ྾ͷύλʔϯܗ੒աఔͷجຊతͳಛ௃Λଊ͍͑ͯΔͱ͍͏͜ͱ͕Ͱ͖Δɽ
͜ͷΑ͏ͳηϧͷஈ֊త͔ͭ֊૚తͳ෼ׂաఔ͸ɼଞͷ૚ްʢ5mmɼ20mmɼ30mmʣͷϞσϧͰ΋ಉ
༷ʹ؍࡯͞Εͨɽ
ਤ- 5.19ʹɼ૚ް 10mmʹ͓͚Δ 0.01 hʢશཁૉத࠷େͷτϥΫγϣϯ͕Ҿுڧ౓ͷ 97%ΑΓখ͍͞
৔߹ʹ͸ 0.1 hʣ͝ͱͷฏۉମੵؚਫ཰ θavg ͷมԽΛࣔ͢ɽਤ- 5.9ͱਤ- 5.19Λൺֱ͢Δͱɼ࣮ݧͰ͸
ࢼݧମද໘ͷਫ෼૚͕ͳ͘ͳͬͨ࣌఺͔Βُ྾ਐలऴྃ࣌ͷମੵؚਫ཰ʹࢸΔ·Ͱͷ࣌ؒ͸໿ 40.2 hͰ
͕͋ͬͨɼ਺஋ղੳͰ͸ 45.48 hͰ͋Γɼ࣮ݧΑΓΘ͔ͣʹ௕͔ͬͨɽ͜Ε͸ɼ୸ࢎΧϧγ΢Ϝͷ֦ࢄ܎
਺ʹؔ͢Δσʔλ͕ಘΒΕ͓ͯΒͣɼPeron et al. (2009b)20) ʹΑΔγϧτ࣭ͷ೪౔ͷ֦ࢄ܎਺Λ༻͍
ͨͨΊͰ͋Γɼ࣮ࡍͷ୸ࢎΧϧγ΢Ϝͷ֦ࢄ܎਺ͷ஋͸ຊ࿦จͰ༻͍ͨ஋ΑΓେ͖͍ͱߟ͑ΒΕΔɽ·
ͨɼࢼݧମද໘ʹُ྾͕ൃੜ͢Δฏۉମੵؚਫ཰͸਺஋ղੳ݁Ռͷํ͕࣮ݧ݁ՌΑΓେ͖͘ͳͬͨɽη
ϧͷฏۉ໘ੵͱಉ༷ɼ࣮ݧʹ͓͚Δଌఆ͕ࠔ೉ͳύϥϝʔλʹؔ͢ΔύϥϝʔλɾνϡʔχϯάʹΑΓɼ
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͜ͷ஋Λ࣮ݧ஋ʹ͚ۙͮΔ͜ͱ͸ՄೳͰ͸͋Δɽ
Ҏ্ΑΓɼ਺஋ղੳͷ݁Ռ͸ɼύϥϝʔλɾνϡʔχϯάʹΑΓमਖ਼ՄೳͳࠩҧΛ࢒ͯ͠͸͍Δ͕ɼ
5.1અͰࣔͨ͠୸ࢎΧϧγ΢Ϝݒ୙ӷͷס૩ഁյ࣮ݧͰಘΒΕͨ
ஈ֊త͔ͭ֊૚తͳηϧͷ෼ׂաఔ
໢໨ঢ়ُ྾܈ͱଟ֯ܗηϧͷܗ੒
ηϧαΠζͱ૚ްͱͷؔ܎
ͱྑ޷ͳҰகΛݟ͍ͤͯΔͱ݁࿦͚ͮΒΕΔɽ
͜ΕΒͷ݁Ռ͸ɼશ֦ͯࢄɾมܗɾഁյͱ͍͏ 3ͭͷϑΝϯμϝϯλϧͳ෺ཧݱ৅ͷ࿈੒ʹΑͬͯಘ
ΒΕΔ΋ͷͰ͋Δɽ࿈੒ͷഎޙʹ͋ΔඍົͳόϥϯεʹΑͬͯ͜ͷݱ৅͕ܾఆ͞Ε͍ͯΔ͜ͱΛߟ͑Δ
ͱɼ࣍ݩղੳ͔ΒಘΒΕΔ௕͞εέʔϧͱ૚ްͱͷൺֱͱ͍ͬͨ୯७ͳٞ࿦͸े෼Ͱ͸ͳ͍ɽס૩ഁյ
ݱ৅ʹ͓͚Δُ྾ύλʔϯܗ੒Λ׬શʹهड़͢ΔͨΊʹ͸ɼຊ࿦จͰఏҊͨ͠࿈੒ղੳ͕ඞཁෆՄܽͰ
͋Δͱ͍͑Δɽ
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(b)
(c) (d)
100mm
100mm
(a)
ਤ–5.11 ໢໨ঢ়ُ྾ύλʔϯͷ਺஋ղੳʹ͓͍ͯղੳϞσϧ্໘ʹܗ੒͞Εͨ࠷ऴతͳُ྾ύ
λʔϯɽް͞ 5mmͷ৔߹ɽ
(a) model 5-1ɼ(b) model 5-2ɼ(c) model 5-3ɼ(d) model 5-4ɽ
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(a)
(b)
(c)
100mm
100mm
ਤ–5.12 ໢໨ঢ়ُ྾ύλʔϯͷ਺஋ղੳʹ͓͍ͯղੳϞσϧ্໘ʹܗ੒͞Εͨ࠷ऴతͳُ྾ύ
λʔϯɽް͞ 10mmͷ৔߹ɽ
(a) model 10-1ɼ(b) model 10-2ɼ(c) model 10-3ɽ
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(a)
(b)
(c)
100mm
100mm
ਤ–5.13 ໢໨ঢ়ُ྾ύλʔϯͷ਺஋ղੳʹ͓͍ͯղੳϞσϧ্໘ʹܗ੒͞Εͨ࠷ऴతͳُ྾ύ
λʔϯɽް͞ 20mmͷ৔߹ɽ
(a) model 20-1ɼ(b) model 20-2ɼ(c) model 20-3ɽ
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(a)
(b)
(c)
100mm
100mm
ਤ–5.14 ໢໨ঢ়ُ྾ύλʔϯͷ਺஋ղੳʹ͓͍ͯղੳϞσϧ্໘ʹܗ੒͞Εͨ࠷ऴతͳُ྾ύ
λʔϯɽް͞ 30mmͷ৔߹ɽ
(a) model 30-1ɼ(b) model 30-2ɼ(c) model 30-3ɽ
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ਤ–5.15 ૚ް 5mmͷղੳϞσϧʢmodel 5-2ʣʹ͓͚Δࡾ࣍ݩతͳُ྾ͷ༷ࢠɽ
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ਤ–5.16 Ϟσϧ͝ͱͷηϧͷฏۉ໘ੵͱਖ਼نԽ͞Εͨϝογϡۭؒ෼ղೳͷؔ܎ɽ
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ද–5.4 ໢໨ঢ়ُ྾ύλʔϯͷ਺஋ղੳʹ͓͚Δ૚ް͝ͱͷηϧ໘ੵͷฏۉ஋ͱมಈ܎਺
૚ް ฏۉ஋ มಈ܎਺ ηϧ਺
5mm 2.23 cm2 0.493 118
10mm 3.50 cm2 0.543 76
20mm 5.25 cm2 0.474 46
30mm 7.27 cm2 0.503 30
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解析
実験
ਤ–5.17 ૚ް͝ͱͷηϧͷฏۉ໘ੵʹؔ͢Δ࣮ݧ݁Ռͱ਺஋ղੳ݁Ռͷൺֱɽ
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(a) (b)
(c) (d)
(e) (f)
ਤ–5.18 ໢໨ঢ়ُ྾ύλʔϯͷ਺஋ղੳʹ͓͚ΔղੳϞσϧ্໘Ͱͷُ྾ਐలͷ༷ࢠɽ
૚ް 10mmʢmodel 10-3ʣͷ৔߹ɽ(a)-(c) Ұُ࣍྾ʹΑΔେ͖ͳηϧߏ଄ͷܗ੒,
(d), (e) ೋُ࣍྾ʹΑΔηϧͷ෼ׂɼ(f) ࠷ऴతͳُ྾ύλʔϯɽ
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(iii)
ਤ–5.19 ໢໨ঢ়ُ྾ύλʔϯͷ਺஋ղੳʹ͓͚Δฏۉମੵؚਫ཰ͷมԽɽ
૚ް 10mmͷ৔߹ɽ
(i) ࢼݧମද໘ͷਫ෼૚͕ͳ͘ͳͬͨ࣌఺ɼ
(ii) ُ྾ൃੜ࣌ɼ(iii) ُ྾ਐలऴྃ࣌ɽ
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ୈ6ষ ߟ࡯
6.1 ૚ް͕Ԡྗ৔ͱηϧαΠζʹ༩͑ΔӨڹ
ຊઅͰ͸ɼ֦ࢄͱมܗͷ࿈੒ʹͷΈண໨͠ɼ໰୊ઃఆΛ୯७Խͯ͠਺஋ղੳΛߦ͏ɽ͜ͷ୯७Խͨ͠
໰୊ઃఆʹΑΓɼُ྾ʹΑͬͯܗ੒͞ΕΔಛ௃తͳηϧαΠζʢ௕͞εέʔϧʣͱ૚ްͱͷؒʹ෺ཧత
ؔ܎͕ੜ͡ΔཁҼΛ௚؍తʹଊ͑Δ͜ͱ͕Ͱ͖ΔΑ͏ʹͳΔɽ
ഁյΛߟྀͤͣɼ֦ࢄͱมܗͷ࿈੒ʹͷΈண໨͢Δ͜ͱͰ୯७Խͨ͠໰୊ઃఆ͸ҎԼͷΑ͏ʹͳΔɽ
ද- 6.1ʹࣔ͢Α͏ʹɼް͞ͱԣஅ໘αΠζ͕ҟͳΔෳ਺ͷ௚ํମྖҬΛߟ͑Δɽਤ- 6.1͸ɼ͜ΕΒͷ
ղੳྖҬʹର͢Δڞ௨ͷ໛ࣜਤΛɼରԠ͢Δ࠲ඪܥ͓Αͼڥք৚݅ͱͱ΋ʹ͍ࣔͯ͠Δɽਤ- 6.1ʹࣔ͢
Α͏ʹɼ௚ํମղੳྖҬͷఈ໘ͷมҐ͸߆ଋ͞Ε͓ͯΓɼଞͷڥք໘ͷมҐ͸߆ଋ͞Ε͍ͯͳ͍ɽ·ͨɼ
ਫ෼ͷৠൃ͸্໘͔ΒͷΈى͜Δ΋ͷͱ͠ɼଞͷڥք໘͸ৠൃͷͳ͍ flux-freeڥքͱͯ͠ઃఆ͢Δɽ͜
ͷΑ͏ͳ໰୊ઃఆʹΑΓɼʮఈ໘ͷมҐ߆ଋͱ্໘͔Βͷਫ෼ৠൃʹΑͬͯɼഁյ͕ͳ͍௚ํମঢ়ࢼݧମ
಺ʹ஝ੵ͞ΕΔԠྗʯΛଊ͑Δ͜ͱ͕Ͱ͖Δɽ͜ͷఈ໘ͷมҐ߆ଋͱ্໘͔ΒͷৠൃʹΑΔԠྗͷ஝ੵ
͸ɼס૩ُ྾ͷൃੜͷ࠷΋جຊతͳϝΧχζϜͰ͋Δɽ
Ҏ্ͷ໰୊ઃఆͷ΋ͱɼද- 6.1ʹࣔ͢Ϟσϧʹ͍֦ͭͯࢄͱมܗͷ࿈੒ղੳΛߦ͏͜ͱͰɼղੳྖҬ
಺ͷԠྗ৔ͷมԽΛಘΔɽύϥϝʔλ͸ɼද- 5.2ʹࣔ͢໢໨ঢ়ُ྾ύλʔϯʹؔ͢Δղੳͱಉ༷ͷ΋ͷ
Λ༻͍Δɽ͜ͷղੳʹΑΓɼྖҬαΠζʢi.e., ૚ͷް͞ͱԣஅ໘αΠζʣ͕ɼਫ෼֦ࢄʹΑΔԠྗͷൃ
ݱʹ༩͑ΔӨڹΛධՁ͢Δ͜ͱ͕Ͱ͖Δɽ
·ͣɼԣஅ໘αΠζ͕ 100mm × 100mmͰ૚ް͕ҟͳΔϞσϧʢද- 6.1ͷmodel 1 - model 4ʣʹ
͓͚Δղੳ݁ՌΛൺֱ͢Δ͜ͱͰɼ૚ް͕Ϟσϧ಺ʹ஝ੵ͞ΕΔԠྗʹରͯ͠༩͑ΔӨڹΛධՁ͢Δɽ
ৠൃ͸Ϟσϧ্໘ʹݶఆ͞Ε͍ͯΔͨΊɼਫ෼෼෍ͱͦΕʹରԠͨ͠ס૩ऩॖྔ͸ xy-ฏ໘಺ʹ͓͍ͯ
ۉҰͱͳΔɽ·ͨɼࣜ (2.6)ʹࣔ͢Α͏ʹɼס૩ऩॖͻͣΈ εs͸ମੵ੒෼ͷΈΛ΋ͭɽ͕ͨͬͯ͠ɼ͜
ͷ໰୊ʹ͓͍ͯ͸ɼxy-ฏ໘಺Ͱͷ௚Ԡྗ੒෼ σxx ΛԠྗ౓ͷࢦඪͱͯ͠༻͍Δ͜ͱ͕Ͱ͖Δɽ
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ද–6.1 ֤ղੳϞσϧͷް͞ͱԣஅ໘αΠζ
L T Model No. ཁૉ਺ અ఺਺
100mm
5mm model 1 160,732 32,802
10mm model 2 278,337 51,726
20mm model 3 309,509 55,304
30mm model 4 347,551 61,146
50mm
5mm model 5 68,724 13,949
10mm model 6 90,259 17,120
25mm
5mm model 7 18,868 3,964
10mm model 8 23,156 4,578
12.5mm 5mm model 9 4,571 1,042
͜ͷ໰୊ʹ͓͚Δయܕతͳମੵؚਫ཰ͷ෼෍ͱͦΕʹରԠͨ͠ xz-ฏ໘಺Ͱͷ௚Ԡྗ੒෼ σxxͷ෼෍
Λਤ- 6.2ʹࣔ͢ɽ͜͜Ͱ͸ɼྫͱͯ͠ L = 100mmɼT = 10mmͷϞσϧͷ y = 0ฏ໘ʢਤ- 6.1ͷ࠲ඪ
ܥͷఆٛʹै͏ʣʹ͓͚Δ෼෍Λࣔ͢ɽఈ໘ͷมҐ߆ଋ͕ͳ͍৔߹ʹ͸ɼਤ- 6.2 (a) ͷਫ෼෼෍ʹΑͬ
ͯɼਤ- 6.3 (a)ͷΑ͏ʹࢼݧମΛۂ͛ΔΑ͏ͳס૩ऩॖͻͣΈ৔͕ܗ੒͞ΕΔɽ͔͠͠ɼ࣮ࡍʹ͸ఈ໘
ͷมҐ͸߆ଋ͞Ε͍ͯΔͨΊɼਤ- 6.3 (b)ʹࣔ͢Α͏ʹɼࢼݧମͷఈ໘͸Ҿ͖৳͹͞Εͭͭݩͷฏ໘ʹ
޲͚ͯۂ͛ฦ͞ΕΔɽͭ·Γɼ͜ͷ໰୊ઃఆʹ͓͚Δࢼݧମ͸ɼס૩ʹΑΔऩॖͻͣΈ৔ʹ൓ͯ͠ʮͨ
ΘΈʹରͯ͠ٯʹ࡞༻͢Δۂ͛ʯͱʮఈ໘ͷҾ͖৳͹͠ʯΛड͚ΔσΟʔϓϏʔϜͱΈͳ͢͜ͱ͕Ͱ͖
Δɽ·ͨɼࢼݧମ্໘ͷத৺͸ɼྊͷҾ͖৳͹͞Ε͍ͯΔଆͷεύϯத৺ʹରԠ͓ͯ͠Γɼࢼݧମ಺Ͱ
࠷΋ڧ͍ҾுྗΛड͚Δ఺Ͱ͋Δɽ͜ͷ͜ͱ͸ɼਤ- 6.2 (b)ʹࣔ͢ σxxͷ෼෍͔Β΋Θ͔Δɽ͕ͨͬ͠
ͯɼࢼݧମ্໘ͷத৺ʢਤ- 6.1ʹࣔ͢࠲ඪܥͷݪ఺Oʣʹ͓͚Δ σxxΛɼ͜ͷ໰୊ͰͷԠྗ౓ͷࢦඪͱ
͢Δɽ
ਤ- 6.4ʹɼԣஅ໘͕ 100mm × 100mmͷϞσϧʹ͓͚ΔԠྗ౓ͷମੵؚਫ཰ʹର͢ΔมԽΛࣔ͢ɽ
͜ͷਤ಺ͷԠྗ౓ʢࢼݧମ্໘ͷத৺ʹ͓͚Δ σxxʣ͸ɼҾுڧ౓ʢද- 5.2ʹ͓͚Δ tcʣʹΑͬͯਖ਼ن
Խ͞Ε͍ͯΔɽ૚ް͕ҟͳΔϞσϧಉ࢜Λൺֱ͢ΔͱɼԠྗ౓͸૚ްͷ૿Ճʹ͕͍ͨ͠ݮগ͢Δ͜ͱ͕
෼͔Δɽ·ͨɼް͕͞ 5mmͱ 10mmʢi.e., ൺֱతബ͍૚ʣͷϞσϧʹ͓͚ΔԠྗ౓͸ɼޓ͍ʹඇৗʹ
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ਤ–6.1 ୯७Խͨ͠໰୊ઃఆԼͰͷ਺஋ղੳʹ͓͚ΔղੳྖҬͱڥք৚݅ɽ
͍ۙ஋ΛͱΓɼͲͪΒ΋ମੵؚਫ཰ͷݮগʹର͠ઢܗʹ૿Ճ͢Δɽ͜ΕΒͷϞσϧͰ͸ɼ্໘ʹ༩͑Β
ΕͨNeumannڥք৚͔݅Βಋग़͞ΕΔ֦ࢄ௕ʢD/w¯ ≃ 40mmʣʹൺ΂૚ް͕े෼ʹখ͍ͨ͞ΊɼԖ௚
ํ޲ͷਫ෼෼෍͸΄΅Ұఆͱݟͳ͢͜ͱ͕Ͱ͖ɼ͜ͷਫ෼෼෍ʹରԠͨ͠ס૩ऩॖྔ΋Ϟσϧͷް͞શ
ମΛ௨ͯ͡΄΅ҰఆͱͳΔɽ͕ͨͬͯ͠ɼࢼݧମͷ૚ް͕֦ࢄ௕ʹର͠े෼খ͘͞ɼബ૚ࢼݧମͱΈͳ
ͤΔ৔߹ʹ͸ɼఈ໘ͷมҐ߆ଋͱࢼݧମͷऩॖͱͷͣΕ͕ɼ্໘ͷԠྗ஝ੵʹد༩͢Δ།ҰͷཁҼͱͳ
Δɽͭ·Γɼബ૚ࢼݧମʹ͓͚Δ֦ࢄ௕͸ɼ֦ࢄͱมܗͷ࿈੒ʹΑͬͯܗ੒͞ΕΔԠྗ৔ͷࢧ഑తͳ௕
͞εέʔϧʹ͸ͳΓಘͳ͍ɽ͜Ε͕ɼް͕͞ 5mmͱ 10mmͷബ૚Ϟσϧʹ͓͚ΔԠྗ౓͕ɼମੵؚਫ
཰ͷมԽʹର͠ࣅͨڍಈΛࣔ͢ཧ༝Ͱ͋Δɽ
ҰํͰɼ૚͕ް͍ʢ૚ް͕֦ࢄ௕ʹ͍ۙ஋ΛͱΔʣϞσϧͰ͸ɼఈ໘ͷมҐ߆ଋ্͕໘ͷԠྗ৔ʹ༩
͑ΔӨڹ͸খ͘͞ͳΓɼ୅ΘΓʹɼԖ௚ํ޲ͷਫ෼෼෍ͷมԽ্͕໘ͷԠྗ৔ͷܾఆʹର͠ॏཁͳ໾ׂ
ΛՌͨ͢Α͏ʹͳΔɽ͜ͷ͜ͱ͸ɼਤ- 6.4ʹࣔ͢ް͞ 30mmͷϞσϧͷϓϩοτ͔Β΋෼͔Δɽਤ- 6.5
͸ɼ͜ͷ໰୊ઃఆʹ͓͚ΔԖ௚ํ޲ͷਫ෼෼෍ͷܗঢ়Λ໛ࣜతʹදͨ͠΋ͷͰ͋Δɽॳظஈ֊ʹ͓͍ͯɼ
ೋ࣍ؔ਺తͳ෼෍ܗঢ়͸ɼͦͷҰ୺͕ఈ໘ʹ౸ୡ͢Δ·ͰมԽ͍ͯ͘͠ʢਤ- 6.5 (a)-(c)ɿա౉ঢ়ଶʣɽ
ͦͷޙɼԖ௚ํ޲ͷਫ෼෼෍͸ఆৗঢ়ଶͱͳΓɼͦͷ෼෍ܗঢ়Λҡ࣋ͨ͠··ਫฏํ޲ʹҠಈ͠ɼશମ
ͷਫ෼ྔ͕ݮগ͍ͯ͘͠ʢਤ- 6.5 (c)-(e)ʣɽਤ- 6.4ͷް͞ 30mmͷϞσϧͷϓϩοτʹ͓͍ͯɼମੵؚ
ਫ཰ͷݮগʹै͍Ԡྗ͕૿Ճ܏޲Λࣔ͢ஈ֊͸ɼԖ௚ํ޲ͷਫ෼෼෍ܗঢ়͕ա౉ঢ়ଶʢਤ- 6.5 (a)-(c)ʣ
ʹ͋Δஈ֊ʹରԠ͢ΔɽҰํͰɼਤ- 6.4ͷް͞ 30mmͷϞσϧͷϓϩοτͷऩଋஈ֊͸ɼԖ௚ํ޲ͷ
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[MPa]
(a)
(b)
ਤ–6.2 యܕతͳମੵؚਫ཰ͷ෼෍ͱରԠͨ͠ xz-ฏ໘಺Ͱͷ௚Ԡྗ੒෼ σxxͷ෼෍ɽ
L = 100mmɼT = 10mmͷϞσϧʹ͓͚Δ y = 0ฏ໘ɽ
(a) ମੵؚਫ཰ͷ෼෍ɼ(b) σxxͷ෼෍ɽ
ਫ෼෼෍ܗঢ়͕ఆৗঢ়ଶʢਤ- 6.5 (c)-(e)ʣʹ͋Δஈ֊ʹରԠ͢Δɽ͜ͷऩଋஈ֊Ͱ͸ɼਫ෼ྔͷݮগʹ
൐͍ࢼݧମશମ͕ऩॖ͍ͯ͠Δʹ΋ؔΘΒ্ͣ໘ͷԠྗ͸૿Ճ͍ͯ͠ͳ͍ɽ͜ͷ͜ͱ͔Βɼް૚ࢼݧମ
Ͱ͸ɼఈ໘ͷมҐ߆ଋ্͕໘ͷԠྗ஝ੵʹର͠༩͑ΔӨڹ͸ඇৗʹখ͘͞ɼ֦ࢄ௕ʢD/w¯ʣ্͕໘ͷԠ
ྗ৔ʹؔ͢Δࢧ഑తͳ௕͞εέʔϧʹͳΔͱ͍͏͜ͱ͕Ͱ͖Δɽ
࣍ʹɼԣஅ໘αΠζ͕ҟͳΔϞσϧʢද- 6.1ͷmodel 1, 2, 5 - 9ʣʹ͓͚Δղੳ݁ՌΛൺֱ͢Δ͜ͱ
ʹΑͬͯɼηϧͷ෼ׂ͕Ԡྗ౓ʹର͠༩͑ΔӨڹΛߟ࡯͢Δɽ࠷ॳʹɼް͞Λ 5mmʹݻఆͨ͠Ϟσϧͷ
૊ʢද- 6.1ͷmodel 1, 5, 7, 9ʣΛߟ͑Δɽਤ- 6.6ʹɼް͞ 5mmͷϞσϧʹ͓͚ΔԠྗ౓ͷମੵؚਫ཰
ʹର͢ΔมԽΛࣔ͢ɽ͜ͷਤ಺ͷԠྗ౓ʢࢼݧମ্໘ͷத৺ʹ͓͚Δ σxxʣ͸ɼҾுڧ౓ʢද- 5.2ʹ͓
͚Δ tcʣʹΑͬͯਖ਼نԽ͞Ε͍ͯΔɽ͞Βʹɼް͞Λ 10mmʹݻఆͨ͠Ϟσϧͷ૊ʢද- 6.1ͷmodel 2,
6, 8ʣΛߟ͑ɼͦΕΒͷϞσϧʹ͓͚Δਖ਼نԽ͞ΕͨԠྗ౓ͷମੵؚਫ཰ʹର͢ΔมԽΛਤ- 6.7ʹࣔ͢ɽ
ਤ- 6.6ͱਤ- 6.7ʹ͓͍ͯɼ૚ްʹؔΘΒͣɼϞσϧͷԣஅ໘αΠζͷݮগʹ͕͍ͨ͠Ԡྗ౓͕ݮগ
͍ͯ͠Δ͜ͱ͕෼͔Δɽͭ·Γɼηϧͷ෼ׂʹΑΔηϧԣஅ໘ͷαΠζݮগ͸ɼηϧ಺ͷԠྗ౓Λ௿Լ
ͤ͞Δɽਤ- 6.8ʹɼް͞ 10mmͰԣஅ໘αΠζ͕ҟͳΔϞσϧʹ͓͍ͯɼମੵؚਫ཰͕ 0.30ͷ࣌఺Ͱ
ͷԠྗ෼෍ʢਤ- 6.1ʹ͓͚Δ y = 0ฏ໘Ͱͷ σxxͷ෼෍ʣΛࣔ͢ɽ͜ͷਤ͔ΒɼϞσϧଆ໘ͷࣗ༝ڥք
෇ۙͰ͸Ԡྗͷ૿Ճ͕গͳ͘ɼԣஅ໘αΠζͷݮগʹ൐͍͜ͷࣗ༝ڥքͷӨڹ্͕໘ͷத৺෇ۙʹ·Ͱ
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(a) (b)
ਤ–6.3 ʮͨΘΈʹରͯ͠ٯʹ࡞༻͢Δۂ͛ʯͱʮఈ໘ͷҾ͖৳͹͠ʯΛड͚͍ͯΔσΟʔϓ
ϏʔϜɽ
ٴͿΑ͏ʹͳΔ͜ͱ͕෼͔Δɽ͜Ε͕ɼηϧͷ෼ׂʹΑͬͯԠྗ͕ݮগ͢ΔϝΧχζϜͰ͋Δɽ
Ҏ্ʹࣔͨ͠ɼ֦ࢄͱมܗͷ࿈੒ʹͷΈண໨ͨ͠ղੳͷ݁ՌʹΑΓɼࢼݧମͷ૚ްͱԣஅ໘αΠζ͸ɼ
ఈ໘ͷมҐ߆ଋͱ্໘͔ΒͷৠൃʹΑͬͯੜ͡ΔԠྗͷڧ౓ʹେ͖ͳӨڹΛ༩͑Δ͜ͱ͕෼͔Δɽਤ- 6.4
ʹࣔͨ͠૚ްͷ૿Ճʹ൐͏Ԡྗͷݮগ܏޲ɼ͓Αͼਤ- 6.6, 6.7, 6.8ʹࣔͨ͠ηϧͷ෼ׂʹ൐͏Ԡྗݮগ
͕ɼס૩ُ྾ύλʔϯʹ͓͍ͯ૚ްʹԠͨ͡ಛ௃తͳ௕͞εέʔϧ͕ܗ੒͞ΕΔओͳ෺ཧతཁҼͰ͋Δ
ͱߟ͑ΒΕΔɽ
͔͠͠ͳ͕Βɼਤ- 6.8ʹࣔͨ͠Ԡྗ෼෍ʢηϧͷڥք෇ۙͷԠྗ౓͕ηϧͷத৺෇ۙʹൺ΂ͯ௿͍ʣ
ʹ൓͠ɼ࣮ݧͰ͸ηϧͷڥք͔Β৽ͨͳُ྾͕ൃੜ͢Δɽ͕ͨͬͯ͠ɼຊઅͰࣔͨ͠ɼఈ໘ͷมҐ߆ଋ
ͱ্໘͔ΒͷۉҰͳৠൃʹΑΔԠྗൃੜͷϝΧχζϜ͚ͩͰ͸࣮ݧࣄ࣮Λे෼ʹઆ໌Ͱ͖͓ͯΒͣɼη
ϧͷڥք෇ۙͰҾுԠྗΛ૿Ճͤ͞ΔΑ͏ͳଞͷϝΧχζϜ͕ଘࡏ͢Δ͸ͣͰ͋Δɽຊ࿦จͰ͸ɼ͜ͷ
Α͏ͳηϧͷڥք෇ۙͰͷԠྗ૿Ճʹର͠ɼηϧͷܗ੒աఔʹ͓͚Δُ྾໘͔Βͷৠൃ͕ॏཁͳ໾ׂΛ
Ռ͍ͨͯ͠Δͱߟ͑ͨɽ࣍અͰɼُ྾໘͔Βͷৠൃ͕༩͑ΔӨڹʹؔͯ͠ৄࡉͳٞ࿦Λߦ͏ɽ
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(a) 
(b) 
(c) 
[MPa]
ਤ–6.8 T = 10mmͰ L͕ҟͳΔϞσϧʹ͓͚ΔԠྗ෼෍ʢਤ- 6.1ʹ͓͚Δ y = 0ฏ໘ʣɽ
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6.2 ُ྾໘͔Βͷৠൃ͕Ԡྗ৔ͱηϧαΠζʹ༩͑ΔӨڹ
ס૩ഁյݱ৅ʹର͢Δطଘͷ਺஋ղੳϞσϧͷଟ͘͸ɼϞσϧΛ୯७Խ͢ΔͨΊʹُ྾໘͔Βͷৠൃ
͸ແࢹͰ͖Δ΋ͷͱԾఆ͍ͯͨ͠ 34,36,37,50,51,57–59)ɽઌߦݚڀʹ͓͚Δס૩ഁյ࣮ݧͰ͸ɼࢼݧମશ
ମͰฏۉԽ͞Εͨਫ෼ৠൃ଎౓͸ُ྾໘ͷ੒௕ʹ΄΅Өڹ͞Εͳ͍ͱ͢ΔσʔλΛ͍ࣔͯ͠Δ΋ͷ΋͋
Γ 14,58,60)ɼُ྾໘͔Βͷৠൃ͸ແࢹͰ͖Δͱ͢ΔԾఆͷଥ౰ੑΛࣔࠜ͢ڌͱͳ͍ͬͯΔɽҰํͰɼُ
྾໘ͷܗ੒͸ৠൃ଎౓ʹେ͖ͳӨڹΛ༩͑Δͱ͢Δ࣮ݧσʔλ΋͋Γ 20)ɼ࣮ݧࣄ࣮ʹجُ͍ͮͯ྾໘͔
ΒͷৠൃΛແࢹ͢Δ͜ͱͷଥ౰ੑΛݕূ͢Δ͜ͱ͸೉͍͠ɽ
͔͠͠ͳ͕Βɼס૩ഁյݱ৅ʹ͓͚Δُ྾։ޱ෯͸খ͘͞ɼُ྾։ޱ෦ʹ͓͚Δৠؾͷ๞࿨౓͸ߴ͍
͜ͱ͔Βɼُ྾໘͔Βͷৠൃྔ͸ࣗ༝ڥք໘ʹൺ΂গͳ͍ͱߟ͑ΒΕΔɽ·ͨɼُ྾໘ͷ૯໘ੵ͸ࣗ༝
ڥք໘ʹൺ΂ͯখ͍͜͞ͱΛ౿·͑ΔͱɼʮࢼݧମશମͰฏۉԽ͞Εͨৠൃྔʯʹରُͯ͠྾໘͔Βͷৠ
ൃͷӨڹΛແࢹ͢Δ͜ͱ͸े෼ʹଥ౰Ͱ͋Δͱ͍͑Δɽ࣮ࡍɼ໢໨ঢ়ُ྾ύλʔϯͷ਺஋ղੳʹ͓͚Δ
ฏۉମੵؚਫ཰ͷมԽʢਤ- 5.19ʣ͓Αͼɼ୸ࢎΧϧγ΢ϜΛ༻͍ͨס૩ഁյ࣮ݧʹ͓͚Δฏۉମੵؚ
ਫ཰ͷมԽʢਤ- 5.9ʣͰ͸ɼُ྾໘ͷܗ੒ޙ΋ମੵؚਫ཰ͷݮগྔʹมԽ͸ͳ͍ɽ͔͠͠ɼہॴతͳԠ
ྗ৔͸ɼͨͱ͑ৠൃྔ͸গͳ͘ͱ΋ɼُ྾໘͔ΒͷৠൃʹΑͬͯڧ͍ӨڹΛड͚Δɽͭ·Γɼُ྾ઌ୺
΍ُ྾໘ۙ๣Ͱ͸ɼُ྾໘͔ΒͷৠൃʹΑͬͯऩॖͻͣΈʹۭؒޯ഑͕ੜ͡ɼԠྗͷڧ͞ͱ෼෍͕େ͖
͘มԽ͢ΔɽຊઅͰ͸ɼηϧͷܗ੒աఔʹ͓͚Δମੵؚਫ཰ͷ෼෍Λ෼ੳ͢Δ͜ͱͰɼُ྾໘͔Βͷৠ
ൃ͕Ԡྗ৔ʹ༩͑ΔӨڹʹؔͯ͠ߟ࡯Λߦ͍ɼُ྾໘͔Βͷৠൃُ͕྾ύλʔϯܗ੒ʹରͯ͠Ռͨ͢໾
ׂΛ໌Β͔ʹ͢Δɽ
ਤ- 6.9ʹɼਤ- 5.18ͷ֤࣌఺Ͱͷُ྾ύλʔϯʹରԠͨ͠ࢼݧମ্໘Ͱͷମੵؚਫ཰ θͷ෼෍Λࣔ͢ɽ
ס૩͕ਐΉʹͭΕͯମੵؚਫ཰ θͷฏۉ͕Լ͕͍ͬͯͨ͘Ίɼ͜͜Ͱ͸ίϯλʔͷ෯Λମੵؚਫ཰ͷࠩ
Ͱ 0.05ʹ౷Ұ͠ɼθͷݮগʹ൐͍ίϯλʔͷԼݶ஋ θmin ΛมԽͤ͞Δ͜ͱͰɼ֤࣌఺Ͱͷ෼෍ͷҧ͍
͚ͩΛநग़ͨ͠ɽମੵؚਫ཰ʢͱͦΕʹରԠͨ͠ס૩ऩॖͻͣΈʣ͸ɼηϧڥքʢi.e., ُ྾໘ʣ͔Βͷ
ৠൃʹΑ֤ͬͯηϧ಺Ͱಉ৺ԁঢ়ͷ෼෍Λܗ੒͢Δɽͭ·Γɼ֤ηϧͷத৺෦Ͱ͸ମੵؚਫ཰ θ͕ߴ͘
ͳΓɼηϧͷڥքʹ޲͔ͬͯݮগ͍ͯ͘͠ɽ͜ͷಉ৺ԁঢ়ͷମੵؚਫ཰ͷ෼෍ʹΑΓɼ൒ܘํ޲ʹ޲͚
ͯ૿Ճ͢Δಉ৺ԁঢ়ͷס૩ऩॖͻͣΈ৔͕ܗ੒͞ΕΔɽ͜ͷס૩ऩॖͻͣΈ৔͸ɼηϧͷத৺෇ۙʹൺ
΂ηϧڥք෇ۙͷํ͕େ͖͘ऩॖ͢Δ͜ͱΛ͓ࣔͯ͠Γɼ൒ܘํ޲ʹ޲͚ͯ૿Ճ͢Δಉ৺ԁঢ়ͷϑʔϓ
Ԡྗ৔Λܗ੒͢Δ 84)ɽ͜ͷϑʔϓԠྗ͸ɼಉ৺ԁঢ়ͷਫ෼෼෍ͷԁपํ޲ʹಇ͘ҾுԠྗͰɼηϧڥք
ʹಇ͘ϑʔϓԠྗͷڧ͞͸ɼηϧத৺ͱηϧڥքͷऩॖྔͷࠩʹΑܾͬͯఆ͞ΕΔɽ͕ͨͬͯ͠ɼ࠷େ
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ϑʔϓԠྗ౓͸ηϧͷαΠζͱମੵؚਫ཰ͷۭؒޯ഑ʹґଘ͢Δɽ
ա৒ͳϑʔϓԠྗ৔͸ɼηϧڥք͔Βൃੜ͠ηϧத৺ʹ޲͚ͯਐల͢Δُ྾Λܗ੒͢Δɽਤ- 6.9 (a),
(c), (d)ͷ੺͍ԁ಺ʹࣔ͢Α͏ʹɼ͢Ͱʹܗ੒͞Εͨηϧ͸ηϧڥք͔Βηϧத৺ʹ޲͔͏ُ྾ʹΑͬͯ
෼ׂ͞Ε͍ͯ͘ɽ͜ͷηϧ෼ׂͷաఔ͸ɼ୸ࢎΧϧγ΢Ϝͷס૩࣮ݧʹ͓͚Δ؍࡯ࣄ࣮ͱҰக͢Δɽͭ
·Γɼُ྾໘͔Βͷৠൃ͸ɼରԠͨ͠ס૩ऩॖͻͣΈ͕Ϟʔυ Iُ྾ͷ։ޱΛଅਐ͢Δͱ͍͏ҙຯʹ͓
͍ͯɼُ྾ઌ୺ͷԠྗ৔ʹର͠ਖ਼ͷϑΟʔυόοΫޮՌΛ΋ͭͱ͍͑Δɽ͜ͷϑΟʔυόοΫޮՌ͸ס
૩ُ྾ͷ҆ఆతͳ੒௕Λଅ͢ɽ
ຊઅͰͷٞ࿦͓Αͼલઅʹड़΂ͨ૚ްʹؔ͢Δٞ࿦͔Βɼס૩ഁյݱ৅ʹ͓͚ΔԠྗ৔ͷൃੜཁҼ͸ɼ
ʮڥք໘ͷมҐ߆ଋͱࢼݧମશମͷऩॖͷͣΕʯͱʮෆۉҰͳਫ෼෼෍ʹ൐͏ס૩ऩॖͻͣΈͷۭؒޯ
഑ʯͰ͋Δͱ͍͏͜ͱ͕Ͱ͖Δɽ·ͨɼס૩ഁյݱ৅ʹ͓͚ΔԠྗʢͻͣΈΤωϧΪʔʣͷղ์͸ɼُ
྾ʹΑΔηϧ෼ׂʹΑͬͯߦΘΕɼ࠷େҾுԠྗ͕ࡐྉڧ౓ΛԼճΔ·Ͱηϧͷ෼ׂ͕܁Γฦ͞ΕΔɽ
͜ͷͱ͖ɼηϧ෼ׂͷ෼ׂܗঢ়ʢُ྾ܦ࿏ʣͷܾఆʹॏཁͳ໾ׂΛՌͨ͢ͷ͕ɼُ྾໘͔ΒͷৠൃͰ͋
ΔɽҎ্ͷΑ͏ͳஈ֊త͔ͭ֊૚తͳԠྗղ์աఔʹΑͬͯɼ࠷ऴతʹಛ௃తͳ௕͞εέʔϧΛ΋ُͭ
྾ύλʔϯ͕ܗ੒͞ΕΔͱߟ͑Δ͜ͱ͕Ͱ͖Δɽ
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(a) (b)
(c) (d)
(e) (f)
ਤ–6.9 ਤ- 5.18ͷ֤࣌఺Ͱͷُ྾ύλʔϯʹରԠͨ͠ࢼݧମ্໘Ͱͷମੵؚਫ཰ θͷ෼෍ɽɹ
(a) θmin = 0.30, (b) θmin = 0.29, (c) θmin = 0.28, (d) θmin = 0.27, (e) θmin = 0.25,
(f) θmin = 0.19.
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ୈ7ষ ݁࿦
ຊ࿦จͰ͸ɼס૩ഁյݱ৅Λɼࡐྉ಺ͷਫ෼֦ࢄɼࡐྉͷมܗɼࡐྉͷഁյͱ͍͏ 3ͭͷϑΝϯμϝ
ϯλϧͳ෺ཧݱ৅͔Β੒ΓཱͭϚϧνϑΟδοΫεͷ໰୊Ͱ͋Δͱߟ͑ɼס૩ഁյݱ৅ʹ͓͚Δُ྾ύ
λʔϯܗ੒ͷ໰୊ʹର͠ɼ֦ࢄɾมܗɾഁյͷ࿈੒ϞσϧΛఏҊͨ͠ɽ
ຊݚڀͷ࿈੒Ϟσϧ͸ɼྖҬ಺ͷਫ෼֦ࢄ܎਺͕ҰఆͰਫ෼Ҡಈʹ͓͚Δॏྗ߲ͷӨڹ͕ແࢹͰ͖Δ
Α͏ͳൺֱతബ͍ࡐྉΛɼ౳ํతͳಁਫੑΛ΋ͭۉ࣭ઢܗ஄ੑମͱͯ͠ϞσϧԽ͢Δ͜ͱͰߏ੒͞Εͯ
͍Δɽ࿈੒Ϟσϧͷશͯͷ໘ʢi.e., ࡐྉͷྗֶతੑ࣭ɼॳظਫ෼෼෍ɼڥք৚݅ɺղੳྖҬͷزԿܗঢ়ʣ
ʹ͓͍ͯዞҙతͳ௕͞εέʔϧ͸Ұ੾ಋೖ͍ͯ͠ͳ͍ʹ΋ؔΘΒͣɼ͜ͷ࿈੒Ϟσϧʹج͍ͮͨ਺஋ղ
ੳͰ͸ɼס૩ُ྾ύλʔϯͷجຊతͳಛ௃ʢi.e., ُ྾ͷ໢໨ঢ়ߏ଄ɼಛ௃తͳ௕͞εέʔϧΛ΋ͭଟ֯ܗ
ηϧͷܗ੒ɼ૚ްʹԠͨ͡ಛ௃తͳ௕͞εέʔϧͷมԽʣͱͦͷܗ੒աఔΛ࠶ݱ͢Δ͜ͱ͕Ͱ͖ͨɽ͜
ΕΒͷ݁ՌΛ୸ࢎΧϧγ΢ϜʹΑΔס૩࣮ݧͷ݁Ռͱൺֱͨ͠ͱ͜Ζɼُ྾ύλʔϯͷ۩ମతܗঢ়ʢi.e.,
ݸʑͷηϧͷܗɼُ֤྾ͷਐలܦ࿏ʣ͸ҟͳΔ͕ɼُ྾ͷ໢໨ঢ়ߏ଄ͱͦͷܗ੒աఔͷఆੑత܏޲͓Α
ͼُ྾ύλʔϯͷಛ௃తͳ௕͞εέʔϧʢi.e., ηϧαΠζʣ͸ྑ޷ʹҰகͨ͠ɽ͜ͷ͜ͱ͔ΒఏҊͨ͠
Ϟσϧ͓Αͼ਺஋ղੳख๏͸ɼಛ௃తͳ௕͞εέʔϧΛ΋ُͭ྾ύλʔϯͱͦͷۭ࣌ؒ֊૚ߏ଄͕ɼ׬
શʹۉ࣭ͳॳظঢ়ଶ͔Β૑ൃ͞ΕΔաఔΛ࠶ݱ͢ΔͨΊͷجຊతͳ࢓૊ΈΛ༗͍ͯ͠Δͱ͍͑Δɽ
͞ΒʹɼྖҬαΠζͱُ྾໘͔Βͷৠൃ͕Ԡྗ৔ʹରͯ͠༩͑ΔӨڹʹண໨͠ɼಛ௃తͳ௕͞εέʔ
ϧΛ΋ͭଟ֯ܗηϧ͕ࣗൃతʹܗ੒͞ΕΔ෺ཧతཁҼʹؔͯ͠ߟ࡯Λߦͬͨɽຊ࿦จͰ͸ɼԠྗͷൃݱ
ʹର͠ࢼݧମͷ૚ްͱԣஅ໘αΠζ͕༩͑ΔӨڹΛଊ͑ΔͨΊɼ֦ࢄͱมܗͷ࿈੒ʹओ؟Λ͓͘͜ͱͰ
໰୊ઃఆΛ୯७Խͨ͠਺஋ղੳΛߦͬͨɽ͜ͷ਺஋ղੳʹΑͬͯɼ૚ްͷ૿Ճͱηϧͷ෼ׂ͕ʢࢼݧମ
ఈ໘ͷมҐ߆ଋͱ্໘͔ΒͷৠൃʹΑͬͯ஝ੵ͞ΕΔʣԠྗ౓Λ௿ݮͤ͞Δ͜ͱΛࣔͨ͠ɽ·ͨɼ਺஋
ղੳʹΑͬͯಘΒΕͨηϧͷܗ੒աఔʹ͓͚Δਫ෼෼෍Λݕূ͢Δ͜ͱͰɼُ྾໘͔ΒͷৠൃʹΑΔಉ
৺ԁঢ়ͷਫ෼෼෍͕֤ηϧʹ͓͍ͯϑʔϓԠྗΛൃੜ͍ͤͯ͞Δ͜ͱΛ໌Β͔ʹͨ͠ɽ͜ͷϑʔϓԠྗ
͸ɼُ྾ܦ࿏ͷܾఆʹ͓͍ͯॏཁͳ໾ׂΛՌ͍ͨͯ͠Δɽ͕ͨͬͯ͠ɼס૩ʹΑΔෆۉҰͳମੵऩॖʢऩ
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ॖͻͣΈͷۭؒޯ഑ʣͷ౳Ձհࡏྗُ͕྾ͷۦಈྗͰ͋Γɼηϧ෼ׂʹΑΔԠྗͷ௿ݮɾղ์ϓϩηε
͕ಛ௃తͳ௕͞εέʔϧΛ΋ُͭ྾ύλʔϯΛܗ੒͢Δͱ͍͏͜ͱ͕Ͱ͖Δɽ
Ҏ্ͷ਺஋ղੳ݁Ռ͓Αͼߟ࡯͔Βɼಛ௃తͳ௕͞εέʔϧΛ΋ͭଟ֯ܗηϧͷࣗൃతܗ੒ʹؔ͢Δ
ࢧ഑తཁҼ͸֦ࢄɾมܗɾഁյͷ࿈੒ʹ͋Δͱ݁࿦͚ͮΔ͜ͱ͕Ͱ͖ΔɽΑͬͯɼʮෳ਺ͷ෺ཧݱ৅ͷ࿈
੒͕ಛ௃తͳ௕͞εέʔϧΛܾఆ͢Δʯͱ͍͏ຊ࿦จͰఏҊͨ͠Ծઆͷଥ౰ੑ͕ɼͦͷ௕͞εέʔϧ͕
૑ൃ͢Δաఔ΋ؚΊͯࣔ͞Εͨͱ͍͑Δɽݱ৅Λߏ੒͢Δݸʑͷࢧ഑ํఔࣜʢi.e., ֦ࢄํఔࣜͱྗͷͭ
Γ͍͋ࣜʣ͕εέʔϧෆมੑΛ΋ͭ͜ͱΛ౿·͑Δͱɼ͜ͷ݁࿦͸ʮεέʔϧෆมੑΛ΋ͭࢧ഑ํఔࣜ
ͷ૬ޓ࡞༻ʹΑͬͯۉ࣭ͳ৔͔Βಛ௃తͳ௕͞εέʔϧΛܾఆͰ͖Δʯ͜ͱΛҙຯ͍ͯ͠Δɽ͜Ε͕ɼ
ס૩ഁյݱ৅ʹ͓͚Δُ྾ύλʔϯܗ੒ͷഎޙʹଘࡏ͢Δڞ௨ͷࢧ഑๏ଇͰ͋Δɽ
·ͨɼຊݚڀͰ͸ɼఏҊͨ͠࿈੒ϞσϧΛ਺஋ղੳͰѻ͏ʹ͋ͨΓɼPDS-FEMͷס૩ऩॖΛ൐͏৔
΁ͷ֦ுͱɼഁյ໘ͷӨڹΛ֦ࢄ৔΁Ϛοϐϯά͢Δख๏ͷ։ൃΛߦͬͨɽPDS-FEMͷס૩ऩॖΛ൐
͏৔΁ͷ֦ுͰ͸ɼෆۉҰͳඇ஄ੑมܗͷ౳Ձհࡏྗͱͦͷ౳ՁհࡏྗʹΑͬͯੜ͡Δ஄ੑมܗͷධՁ
ํ๏ΛఏҊ͢Δ͜ͱͰɼࡐྉͷ஄ੑมܗͱഁյʹΑΔෆ࿈ଓͳมҐ৔Λѻ͏ͨΊͷ਺஋ղੳख๏Ͱ͋ͬ
ͨ PDS-FEMΛɼ஄ੑมܗͱඇ஄ੑมܗ͕ࠞࡏ͢Δ৔ʹ͓͚Δഁյݱ৅΁ͱద༻͢Δ͜ͱΛՄೳʹͨ͠ɽ
͞ΒʹɼPDS-FEMͱ༗ݶཁૉ๏ʹΑΔڧ࿈੒ղੳͱऑ࿈੒ղੳΛ࢖͍෼͚Δ͜ͱͰɼ֦ࢄͱഁյͱ͍
͏ɼ࣌ఆ਺ʹ 10ܻҎ্ͷ։͖͕͋Δ෺ཧݱ৅ͷ࿈੒Λ࣮ݱͨ͠ɽ͜ΕΒͷ਺஋ղੳख๏͸ɼס૩ऩॖͷ
ΈͳΒͣ೤๲ு/ऩॖΛ൐͏৔΍ଞͷϚϧνϑΟδοΫεͷ໰୊ʹ΋ద༻Ͱ͖Δ΋ͷͰ͋ΓɼίϯΫϦʔ
τࡐྉ΍෺ཧڧԽΨϥεɼ༹ؠͷྫྷ٫աఔͰੜ͡Δபঢ়અཧʹ͓͚Δُ྾ύλʔϯ΋ಉ༷ͷख๏ʹΑͬ
ͯղੳͰ͖Δͱߟ͑ΒΕΔɽ
ຊݚڀͷࠓޙͷ՝୊͸ɼଞͷ༷ʑͳࡐྉɾ৚݅ʹ͓͚Δס૩ُ྾ύλʔϯʹ࣮ؔͯ͠ݧ͓Αͼ਺஋ղ
ੳΛߦ͏ͱͱ΋ʹɼڥք໘ͷӨڹ͕ͳ͍ཧ૝తͳແݶྖҬʹ͓͍ͯ૑ൃ͞ΕΔ௕͞εέʔϧʹؔͯ͠ཧ
࿦తͳߟ࡯Λߦ͏͜ͱͰɼס૩ُ྾ύλʔϯͷ௕͞εέʔϧΛࢧ഑͢Δύϥϝʔλͷൺ཰Λܾఆ͢Δ͜
ͱͰ͋Δɽ͜ΕΛ౿·͑ɼຊ࿦จͰࣔͨ͠ύλʔϯܗ੒ͷࢧ഑๏ଇΛଞͷϚϧνϑΟδοΫε͓Αͼύ
λʔϯܗ੒ͷ໰୊ʹ΋ద༻Ͱ͖ΔҰൠతͳํ๏࿦΁ͱ֦ு͢Δ͜ͱ͕ຊݚڀͷ࠷ऴతͳ՝୊Ͱ͋Δɽ
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෇࿥
A.1 ֦ࢄʹؔ͢Δॳظ஋ڥք஋໰୊ͷ཭ࢄܗࣜͷಋग़
ࣜ (2.3a)ʹԾ૝ม෼ δθΛ͔͚ͯɼΩͰશମੵ෼͢Δͱɼ
∫
Ω
δθθ˙dV =
∫
Ω
δθ(D∇2θ)dV ∀δθ (A.1)
ͱͳΓɼ͜Εʹ GaussͷൃࢄఆཧΛద༻͢Δͱɼ
∫
Ω
(δθθ˙ +D∇δθ∇θ) dV =
∫
Ω
∇ · (Dδθ∇θ) dV
=
∫
∂Ω
δθD
∂θ
∂n
dS +
∫
Γ
δθD
∂θ
∂n
dS
= −
(∫
∂Ωw
δθ w¯ dS +
∫
Γ
δθ v¯ dS
)
(A.2)
ͱͳΔɽྖҬ Ω͕ Delaunay࢛໘ମ Ψβ Ͱ෼ׂ͞Ε͍ͯΔͱ֤ͯ͠ྖҬΛ଍͠߹ΘͤΔͱɼ
M∑
β=1
∫
Ψβ
(δθθ˙ +D∇δθ∇θ) dV = −
⎛⎝ M∑
β=1
∫
∂Ωˆw∩Ψβ
δθw¯ dS +
M∑
β=1
∫
Γ′∩Ψβ
δθv¯ dS
⎞⎠ (A.3)
ͱͳΔɽ
ࣜ (A.3)ʹΨϥʔΩϯ๏Λద༻͢Δͱɼθɼδθɼw¯ɼv¯͸࢛໘ମҰ࣍ཁૉʹ͓͚Δܗঢ়ؔ਺Nβα Λ༻
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͍ͯ β ൪໨ͷཁૉ಺Ͱ࣍ͷΑ͏ʹ཭ࢄԽ͞ΕΔɽ
θ =
N∑
α=1
Nβαθα (A.4)
δθ =
N∑
α=1
Nβαδθα (A.5)
w¯ =
N∑
α=1
Nβαw¯α (A.6)
v¯ =
N∑
α=1
Nβαv¯α (A.7)
Αͬͯɼࣜ (A.3)͸࣍ͷΑ͏ʹมܗͰ͖Δɽ
M∑
β=1
(
N∑
α=1
N∑
γ=1
∫
Ψβ
ɹ (Nβα)
T
Nβγ dV δθαθ˙γ
)
+
M∑
β=1
(
N∑
α=1
N∑
γ=1
∫
Ψβ
Dβ(∇Nβα)T∇Nβγ dV δθαθγ
)
= −
M∑
β=1
(
N∑
α=1
N∑
γ=1
∫
∂Ωˆw∩Ψβ
(Nβα)
T
Nβγ dS δθαw¯γ
)
−
M∑
β=1
(
N∑
α=1
N∑
γ=1
∫
Γ′∩Ψβ
(Nβα)
T
Nβγ dS δθαv¯γ
)
⇔
N∑
α=1
N∑
γ=1
(
Mαγ θ˙γ
)
δθα +
N∑
α=1
N∑
γ=1
(Aαγθγ) δθα = −
N∑
α=1
N∑
γ=1
(W αγw¯γ) δθα −
N∑
α=1
N∑
γ=1
(V αγ v¯γ) δθα
⇔
N∑
γ=1
(
Mαγ θ˙γ +Aαγθγ
)
= −
N∑
γ=1
(W αγw¯γ + V αγ v¯γ) (A.8)
ͱͳΓɼࣜ (2.31a)ʹؼண͢Δɽ
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A.2 PDS-FEMʹ͓͚Δഁյύλʔϯ
Delaunay ࢛໘ମཁૉ͸ 4 ͭͷ Voronoi ϒϩοΫ͔Βߏ੒͞Ε͓ͯΓɼVoronoi ϒϩοΫͷ฼఺ͱ
Delaunay࢛໘ମͷ௖఺͕Ұக͢Δɽ·ͨɼDelaunay࢛໘ମ಺ͷVoronoiϒϩοΫڥք໘͸ɼਤ- A.1 ʹ
ࣔ͢Α͏ʹ 6໘ଘࡏ͢ΔɽPDS-FEMͰ͸VoronoiϒϩοΫΦα͕ͦΕͧΕ߶ମมҐ͠ɼഁյ໘͸Voronoi
ϒϩοΫͷڥք໘ͱͳΔɽຊ࿦จͰ͸ɼཁૉͷෳ਺ճഁյ͸ߟྀ͠ͳ͍ɽͭ·ΓɼҰ౓ഁյ͞Εͨཁૉ
͕͞Βʹഁյ͞ΕΔ͜ͱ͸ͳ͍ͱ͢Δɽ͜ͷͱ͖ɼഁյύλʔϯ͸ 1ͭͷ VoronoiϒϩοΫ͕ଞͷ 3ͭ
ͷϒϩοΫ͔Β෼཭͢Δύλʔϯͱɼ2ͭͣͭͷVoronoiϒϩοΫʹ෼཭͢Δύλʔϯʹ෼͚ΒΕΔɽ͜
͜Ͱ͸લऀΛύλʔϯ 1ɼޙऀΛύλʔϯ 2ͱ͢Δɽ͋Δ Delaunay࢛໘ମ͕ 4ͭͷ VoronoiϒϩοΫ
A,B,C,D͔Βߏ੒͞Ε͍ͯΔͱ͢Δͱɼύλʔϯ 1Ͱ͸Aͱ BCDɼBͱACDɼCͱABDɼDͱABC
ͷ 4૊ɼύλʔϯ 2Ͱ͸ ABͱ CDɼACͱ BDɼADͱ BCͷ 3૊ͷܭ 7૊ͷϒϩοΫͷ૊Έ߹Θ͕ͤ
ଘࡏ͢Δɽ֤ഁյύλʔϯ͸ɼਤ- A.2 ͷ௨ΓͰ͋Δɽ
ਤ–A.1 VoronoiϒϩοΫڥք໘ɽ
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(a) ύλʔϯ 1ɿAͱ BCDͷ૊Έ (b) ύλʔϯ 1ɿBͱ ACDͷ૊Έ
(c) ύλʔϯ 1ɿCͱ ABDͷ૊Έ (d) ύλʔϯ 1ɿDͱ ABCͷ૊Έ
80
(e) ύλʔϯ 2ɿABͱ CDͷ૊Έ (f) ύλʔϯ 2ɿACͱ BDͷ૊Έ
(g) ύλʔϯ 2ɿADͱ BCͷ૊Έ
ਤ–A.2 Delaunay࢛໘ମͷഁյύλʔϯɽ
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A.3 ഁյ໘ʹ͔͔Δ௚Ԡྗͷܭࢉ
A.2Ͱड़΂ͨ 7ͭͷ૊Έ߹Θͤͷ͏ͪɼͲͷ૊Έ߹ΘͤͰഁյ͢Δ͔Λ൑ఆ͢ΔͨΊʹ͸ɼશഁյύ
λʔϯʹ͓͚Δഁյ໘ͷ௚ԠྗΛܭࢉ͠ɼ௚Ԡྗ͕࠷େͱͳΔഁյύλʔϯΛٻΊͳ͚Ε͹ͳΒͳ͍ɽ
͜ͷͱ͖ɼഁյύλʔϯ͝ͱʹ௚ԠྗΛܭࢉ͢ΔͨΊͷ໘Λ 1ͭʹఆΊΔඞཁ͕Δɽ
A.3.1 ೚ҙͷ໘ʹ͔͔ΔԠྗ
ࣜ (2.14)Ͱද͞ΕΔԠྗ͸ Delaunay࢛໘ମ಺ͰҰఆͰ͋ΔɽԠྗ͕Ԡྗςϯιϧ σβij Ͱද͞ΕΔͱ
͖ɼ೚ҙͷ໘ S ʹ͓͚ΔτϥΫγϣϯ ti ͸ɼ໘ S ͷ୯Ґ๏ઢϕΫτϧΛ ni ͱͯ͠
ti = σ
β
ij nj (A.9)
ͱܭࢉ͢Δ͜ͱ͕ग़དྷΔɽ·ͨɼS ʹ࡞༻͢Δ௚Ԡྗͷେ͖͞ σn ͸
σn = niti
= σβijninj (A.10)
ͱͳΔɽ
A.3.2 ύλʔϯ 1
ഁյύλʔϯ 1ͷ৔߹ʹ͓͚Δ௚Ԡྗͷܭࢉํ๏ʹ͍ͭͯड़΂Δɽਤ- A.3 ͷΑ͏ʹ Delaunay࢛໘
ମ಺ͷ VoronoiϒϩοΫڥք໘Λߏ੒͢Δ఺ΛఆΊΔɽྫ͑͹ਤ- A.2 (a)ͷΑ͏ʹ VoronoiϒϩοΫ
A͕෼཭͢Δ৔߹ɼഁյ໘͸ VoronoiϒϩοΫ B,C,Dͱ VoronoiϒϩοΫ Aͱͷڥք໘Ͱ͋Δ pxzvɼ
qvzwɼrwzxͷ 3໘ʹͳΔɽͦ͜Ͱɼ௚ԠྗΛܭࢉ͢Δ໘Λɼਤ- A.3 ͷ−→pqɼ−→prͰߏ੒͞ΕΔ໘ʹఆΊ
Δɽਤ- A.4ʹࣔ͢Α͏ʹɼ−→pqɼ−→prͰߏ੒͞ΕΔ໘ͷ୯Ґ๏ઢϕΫτϧΛ n(A) ͱ͢Δͱɼࣜ (A.10)͔
Βɼ͜ͷ໘ʹ͔͔Δ௚Ԡྗ͸
σ(A) = n(A)i σ
β
ijn
(A)
j (A.11)
ͱٻΊΒΕΔɽ
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ͦͷଞͷ૊Έ߹Θͤ΋ಉ༷ʹɼVoronoi ϒϩοΫ B ͕෼཭͢Δ৔߹ʹ͸ɼ−→puɼ−→ps Ͱߏ੒͞ΕΔ໘ɼ
VoronoiϒϩοΫ C͕෼཭͢Δ৔߹ʹ͸ɼ−→qsɼ−→qt Ͱߏ੒͞ΕΔ໘ɼVoronoiϒϩοΫD͕෼཭͢Δ৔߹
ʹ͸ɼ−→ruɼ−→rt Ͱߏ੒͞ΕΔ໘Λɼ֤ഁյύλʔϯͰͷ௚ԠྗΛܭࢉ͢Δ໘ͱ͢Δɽ
ਤ–A.3 VoronoiϒϩοΫͷڥքͷ௖఺ɽ
ਤ–A.4 ௚Ԡྗͷܭࢉ༻ͷ୯Ґ๏ઢϕΫτϧɽ
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A.3.3 ύλʔϯ 2
࣍ʹഁյύλʔϯ 2ͷ৔߹ʹ͓͚Δ௚Ԡྗͷܭࢉํ๏ʹ͍ͭͯड़΂Δɽਤ- A.2 (e)ͷΑ͏ʹ Voronoi
ϒϩοΫA,CͱB,Dͷ૊ΈͰ෼཭͢Δ৔߹ɼഁյ໘͸ਤ- A.3ʹ͓͍ͯABͱCDͷڥք໘Ͱ͋Δ pxzvɼ
rwzxɼsyzvɼtwzyͷ 4໘ʹͳΔɽ
͜ͷͱ͖ɼ௚ԠྗΛܭࢉ͢Δ໘ʹ͸఺ p, r, s, tʹΑͬͯͰ͖Δ 1໘Λબͼ͍͕ͨɼઢ෼ ptͱ rs͸Ͷ
͡ΕͷҐஔʹ͋ΔͨΊɼ4఺͸ಉҰฏ໘্ʹଘࡏ͠ಘͳ͍ɽͦ͜ͰɼϕΫτϧ nAC,BD Λ
nAC,BD =
−→
pt ×−→rs (A.12)
ͱఆٛ͢ΔͱɼnAC,BD͸
−→
pt ͱ−→rsʹ௚ަ͢ΔϕΫτϧͱͳΔɽ͕ͨͬͯ͠ɼϕΫτϧ nAC,BD͕๏ઢϕ
ΫτϧͱͳΔΑ͏ͳ໘Λ௚ԠྗΛܭࢉ͢Δ໘ͱ͢Δɽ
ͦͷଞͷϒϩοΫͷ૊Έ߹Θͤ΋ಉ༷ʹɼVoronoi ϒϩοΫ A,B ͱ C,D ͷ૊Έʹ෼཭͢Δ৔߹͸
−→uq×−→rsɼVoronoiϒϩοΫ A,Dͱ B,Dͷ૊Έʹ෼཭͢Δ৔߹͸−→uq×−→pt ͷϕΫτϧͰఆٛ͞ΕΔ໘Λɼ
֤ഁյύλʔϯͰͷ௚ԠྗΛܭࢉ͢Δ໘ͱ͢Δɽ
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